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QUANTITATIVE ANALYSIS OF TOBACCO-SPECIFIC NITROSAMINES AND THEIR
PRECURSOR ALKALOIDS IN TOBACCO EXTRACTS
By Celeste Tommarello Wilkinson, B.S.

A Dissertation submitted in partial fulfillment of the requirements for the degree of
Doctor of Philosophy at Virginia Commonwealth University.
Virginia Commonwealth University, 2017
Research Director: Matthew S. Halquist, Ph.D.
Assistant Professor, Department of Pharmaceutics
Tobacco-specific nitrosamines (TSNA) are carcinogenic constituents derived
from alkaloids in tobacco. Researchers are actively exploring several avenues to reduce
TSNA levels in tobacco products like moist snuff tobacco. The focus of the research
presented within is the quantitative analysis of TSNA in tobacco, specifically N’nitrosonornicotine (NNN), 4-(methylnitrosamino)-1(3-pyridyl)-1-butanone (NNK), N’nitrosoanatabine (NAT), and N’-nitrosoanabasine (NAB).
Tobacco alkaloids and nitrosamines in tobacco are currently analyzed by
different instrumentation due to orders of magnitude difference in their concentrations,
chromatographic separation challenges due to structural similarities, and similar mass
fragmentation patterns. An analytical column using silica and 1,2-bis(siloxy)ethane
hybrid particles of 1.7 µm size is the foundation of a chromatographic separation of

NNN, NNK, NAT, NAB, nicotine, nornicotine, anatabine, and anabasine. Deuterated
internal standards are used for both quantitation and to monitor for matrix effects.
Tandem mass spectrometry provides additional selectivity to assure the structurallyrelated compounds do not create common product ions which may interfere with
quantitation accuracy. This is the first rapid and robust quantitative method for the
TSNA and their alkaloid precursors using high pH mobile phase conditions. The
suitability of the method is demonstrated by its application to the analysis of reference
tobacco materials for cigarettes and moist snuff. This analytical method may be used to
support regulatory testing, as the FDA has recently proposed a rule to limit NNN in
moist snuff tobacco.
In addition, a novel TSNA analytical method was developed using TSNA-specific
molecularly imprinted polymers (MIP) as the selective extraction element from tobacco
extract. The retention mechanisms between MIP and TSNA were investigated and
found to have extensive cross-reactivity to structurally similar alkaloids present in
tobacco extract. TSNA-specific MIP was demonstrated to have stronger retention for the
alkaloids nicotine, nornicotine, anatabine, anabasine, and cotinine than for the TSNA
substrate. This research suggests the existing parameters commonly listed in the
literature to evaluate the specificity of MIP are incomplete. The MIP-TSNA interaction
was optimized to create the first analytical method to quantify underivatized NNN and
NNK from tobacco extracts by HPLC-UV.

1.
1.A.

Introduction

Background and significance of tobacco-specific nitrosamine analysis
Nitrosamines are carcinogens which induce liver, gastric, and lung tumors

(Hecht, 1998; Xue, et al., 2014). The general public is exposed to nitrosamines mostly
through tobacco and food, although they may also be present in cosmetics and drinking
water (Komarova & Velikanov, 2001; Lewis, et al., 2013; Herrmann, et al., 2015;
Krasner, et al., 2013). These compounds are generated via the nitrosation of secondary
or tertiary amines in acidic environments. As such, it is possible for nitrosamines to
develop endogenously in the acidic stomach environment after ingestion of the
precursors (National Toxicology Program, 2016). Favorable reaction conditions may
occur within food during storage or cooking, such as when amines in meat proteins
react with the preservative sodium nitrite. Likewise, nitrosamine formation also occurs in
tobacco during preservation and storage. Alkaloids provide the tertiary amine reactant,
and nitrite is generated by microbial metabolism of nitrate present on the leaf (Burton &
Bush, 1994; Chamberlain & Chortyk, 1992; Wei, et al., 2014). Fire-cured tobacco is
exposed to nitrogen oxides, which can also participate in the nitrosation reaction
(Nestor, et al., 2003).
Tobacco-specific nitrosamines (TSNA) are differentiated from the rest of the
class of nitrosamines because they are unique to tobacco. Their precursors are the
pyridine alkaloids of tobacco: nicotine, nornicotine, anatabine, and anabasine (Fig. 1.1).

1

Figure 1.1 TSNAs and their precursor alkaloids

The four TSNAs are N-nitrosonornicotine (NNN), 4-(methylnitrosamino)-1(3pyridyl)-1-butanone (also known as NNK, an acronym for nicotine-derived nitroso
ketone), N-nitrosoanatabine (NAT), and N-nitrosoanabasine (NAB). NNN and NNK have
demonstrated carcinogenicity in animal studies and are classified as Group 1 human
carcinogens by the International Agency for Research on Cancer (IARC). NAT and
NAB are Group 3 carcinogens, which have inadequate data to classify as carcinogenic
to humans. As part of the 2009 Family Smoking Prevention and Control Act, the U.S.
Food and Drug Administration (FDA) has established the Harmful and Potentially
Harmful Constituents (HPHC) list of 93 compounds which are targeted for regulatory
action. Since 2012, the FDA has mandated annual reporting of a subset of nine HPHC
constituents in tobacco filler and smokeless tobacco. This subset is called the
2

Abbreviated List of Harmful and Potentially Harmful Constituents, and it includes NNN
and NNK (Table 1.1) (Food and Drug Administration, 2012). The international public
health community has specified TSNAs as compounds that warrant regulation in
tobacco, and the FDA has begun to enact this recommendation (World Health
Organization, 2008; Hecht S. , 2014; Hatsukami, et al., 2015). In March 2017, the FDA
proposed a ruling to limit NNN in moist smokeless tobacco to 1.0 µg/g on a dry-weight
basis (Food and Drug Administration, 2017).

Table 1.1 Abbreviated List of Harmful and Potentially Harmful Constituents
in Tobacco Filler and Smokeless Tobacco
Category of Potential
Constituent
Harm*
Acetaldehyde
CA, RT, AD
Ammonia
RT
Arsenic
CA, CT, RDT
Benzo[a]pyrene
CA
Crotonaldehyde
CA
Formaldehyde
CA, RT
4-(Methylnitrosamino)-1-(3-pyridyl)-1butanone (NNK)
CA
Nicotine
RDT, AD
N-Nitrosonornicotine (NNN)
CA
*Category abbreviations: Carcinogen (CA), Respiratory Toxicant (RT), Cardiovascular
Toxicant (CT), Reproductive or Developmental Toxicant (RDT), Addictive (AD)

Because TSNAs are carcinogens of interest to the public health community,
numerous analytical methods have been developed to measure them. Through the
1990s, researchers relied on gas chromatography interfaced with a thermal energy
analyzer detector (GC-TEA) (Djordjevic, et al., 1991; Prokopczyk, et al., 1995;
Prokopczyk, et al., 2002; Fine, et al., 1975). The TEA is a chemiluminescence detector
selective for nitroso compounds. GC effluent enters a reductive catalytic pyrolyzer,
3

resulting in nitroso compounds being cleaved at the nitroso bond. The resultant nitrosyl
radical reacts with ozone in a vacuum chamber, creating electronically excited nitrite
ion. As the excited nitrite ion decays to its ground state, light is emitted and detected by
a photomultiplier. The selectivity of the detector comes from the reaction, which emits a
signal in the near infrared spectrum. However, interferences have been encountered
from nitramines, C-nitroso compounds, and organic nitrites because any compound that
generates the nitrosyl ion during pyrolysis will produce a signal (Hansen, et al., 1979).
Samples to be analyzed by TEA require extensive preparation with large volumes of
organic solvents and pre-concentration steps.
To reduce the solvent volume and time required for GC-TEA sample preparation,
researchers at the Center for Disease Control and Prevention have utilized supercritical
fluid extraction (SFE) in conjunction with solid phase extraction (SPE) to simplify the
concentration steps. Their method quantifies TSNA in tobacco by gas-chromatography
with mass spectrometry (GC-MS) in the selected ion mode, using qualification ions to
enhance selectivity and eliminate the risk of misidentifying co-eluting compounds (Wu,
et al., 2004; Song & Ashley, 1999). Advantages of this method are the rapid extraction
by SFE and the widespread availability of GC/MS as opposed to the use of a dedicated
nitroso-specific detector. Disadvantages of the method are due to the undiscriminating
nature of the SFE process. Residual peaks were observed in all SFE extracts of
samples over 2 µg/g, indicating the need to run blanks after every sample to avoid
errors in sample quantification.
The widespread availability of liquid chromatography-tandem mass spectrometry
(LC-MS/MS) has led to the development of methods with greater robustness and
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selectivity than the GC-TEA (Wagner, et al., 2005; Wu, et al., 2008). TSNA analysis by
LC-MS/MS uses electrospray ionization to impart a charge to the LC eluent as it exits
the probe capillary in a nebulized spray. All the TSNAs were analyzed in multiple
reaction monitoring (MRM) mode. Molecules that ionize under the selected conditions
are extracted into the charged sampling cone through a curtain of nitrogen gas, leaving
uncharged species in the ion source chamber. The charged molecules are focused into
an ion beam under vacuum and directed through the first set of quadrupoles which
permit only molecular ions of the analytes to pass. These precursor ions are impacted
with argon in the collision cell to fragment them in a controlled manner. The product ion
beam travels through the second set of quadrupoles to be detected by a photomultiplier.
The multiple stages of mass filtering provide very selective detection of TSNA by mass
spectrometry. Only molecules that have specific mass-to-charge fragmentation
transitions are conveyed through both stages of mass selection to be detected. One of
the main concerns with LC-MS/MS is the common occurrence of sample matrix effects.
Components of the sample matrix can suppress or amplify the ionization of target
analytes in the source, resulting in reduced method accuracy and precision. Stable
isotope-labeled internal standards are commonly used to compensate for matrix effects,
but may be prohibitively costly to obtain for each target analyte.
Carcinogenic nitrosamines are a topic of concern for many common products,
such as food, beer, and cosmetics. In a search for simpler methods to apply to these
everyday consumer products, researchers have employed more routine instrumentation
to quantify nitrosamines. Instead of investing in dedicated nitroso-specific detectors or
expensive LC-MS/MS instrumentation, scientists have used instrumentation such as

5

HPLC with fluorescence or spectrophotometry to measure nitrosamines. Many
nitrosamines absorb in the non-selective region of UV around 230 nm where
background signal is high and unsuitable for quantification due to low sensitivity and
interfering compounds (Bellec, et al., 1996). Sample derivatization reactions have been
used for consumer product extracts to modify the absorbance wavelength to facilitate
nitrosamines analysis by UV detection. These derivatization techniques require the use
of strong acids and an extensive preparation time (Zhou, et al., 1994; Fu & Xu, 1995;
Cardenes, et al., 2002; Lloret, et al., 2004; Zwickenpflug, et al., 2016). The most
commonly used de-nitrosation to prepare for a derivatization reaction involves the
addition of hydrobromic-acetic acid reagent to a completely dried extract, and requires
significant reaction time or heat to react. An alternative approach suitable for aqueous
samples uses copper chloride in hydrochloric acid at 70 °C (Wang, et al., 2005). The
derivatization techniques for nitrosamines all require complex sample preparation
involving caustic reactants. In addition, derivatization reagents often participate in side
reactions, resulting by-products that may create chromatographic interferences.
As tobacco has come under the scope of federal regulation, there is a need for a
routine quantitative method for TSNAs in tobacco extracts. Analyses will be conducted
in numerous quality-control laboratories, in a manner similar to how environmental labs
perform testing to conform to Environmental Protection Agency (EPA) policies. HPLC is
a mature technique, readily accessible to laboratories with modest resources. Analytical
methods using UV absorbance provide consistent responses over time and between
instruments. Also, the concentration of TSNAs in tobacco is in the range of 1 to 10 µg/g,
which does not demand the supreme sensitivity of the mass spectrometer. HPLC-UV

6

has the appropriate range of linearity and spectral confirmatory power to serve as a
routine quality-control analytical method for TSNAs. Results could be easily compared
between labs, utilizing common laboratory instrumentation. Currently, there exists no
analytical method that allows the underivatized TSNAs in tobacco to be analyzed by LCUV techniques.
1.B.

Background of molecularly imprinted polymers

Inspired by the concept of antibody-antigen molecular recognition, molecularly
imprinted polymers (MIPs) are synthetic organic materials designed to bind target
molecules at selective affinity sites. These materials are incorporated into a wide
variety of applications, such as solid-phase extraction, catalysis, and sensors. The
promise of selectivity, physico-chemical stability, long shelf-life, and regenerative
properties contribute to their appeal. The twenty-first century has seen growth in
research related to MIPs, with publication volume increasing 10-fold over the last 15
years, as measured by a PubMed query conducted in November 2017 (Figure 1.2).
Research areas regarding sensors and nanoscale each account for 22% share of 2017
publications. The largest category in the current MIP literature (39% share) addresses
the development of selective sample extraction materials. The research in this
dissertation aligns with the demonstrated interest in selective extraction materials in the
MIPs field.
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Figure 1.2 PubMed article count by year (2002 to 2018)

The molecular imprinting of polymers is achieved by combining functional
monomers and template molecules with a cross-linking monomer in an inert solvent,
called the porogen. In the next step, polymerization is carried out by ultraviolet (UV) or
thermal initiation. Finally, the template is purged by solvent extraction, using either
organic or acidic solvents. The finished MIP contains three-dimensional cavities which
have multiple functional groups fixed in place to interact selectively with target
molecules. A control polymer created by the same process, but lacking a template
incorporated during polymerization, is referred to as a non-imprinted polymer (NIP).
NIPs are useful when ascertaining which effects are resulting from general surface
interactions rather than the imprinted cavity topography.
Three types of bonding are used to align the monomer and template during
polymerization: covalent, semi-covalent, and non-covalent. It is important to distinguish
them because they produce polymers with different distributions of affinity binding sites.
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Pioneering work with molecular imprinting in organic polymers in the 1960s was
achieved by using the covalent method (Wulff & Biffis, 2001). Covalent imprinting uses
a reversible covalent bond between functional monomers and the template during
polymerization, which is subsequently disrupted. An advantage of covalent binding is
the ability to apportion functional monomer and the template stoichiometrically. Ideally,
this forms binding sites located only within imprinted cavities. However, cavities
generated by this approach have relatively slow kinetics for re-binding to target
molecules (Wulff & Biffis, 2001). The semi-covalent method also uses reversible
covalent bonds during polymerization, but the re-binding of target analyte is achieved
through non-covalent interactions. The advantage this method is that it restricts the
formation of affinity sites to the imprinted cavities, yet overcomes the slow equilibration
rate of the covalent re-binding. However, some element of selectivity is lost with this
approach, because the intermolecular forces creating the affinity site are not the same
forces used during re-binding. Whitcombe et al. enhanced this technique by employing
carbonate esters during semi-covalent binding, which were then hydrolyzed. The
hydroxyl groups created in the imprints participated in hydrogen bonding to re-bind the
template molecule. The resulting binding sites had uniform affinity sites, as determined
by the measured dissociation constant (Whitcombe, et al., 1995).
The most prevalent imprinting technique is non-covalent binding, developed by
Mosbach (Sellergren, 2001). The template and functional monomers self-assemble with
cross-linking agent in the porogen solvent through intermolecular forces such as
hydrogen bonding. As with the other imprinting techniques, the arrangement of
functional groups is fixed through polymerization. The non-covalent synthesis technique

9

has been employed widely due to its simplicity and the variety of monomers with which
it is compatible. Examples of functional monomers used in non-covalent imprinting are
listed in Table 1.2. A significant disadvantage of non-covalent imprinting is the presence
of functional groups throughout the polymer, not restricted to the imprinted cavities. This
results in heterogeneous affinity sites that contribute to non-selective binding across the
entire surface of the polymer (Ansell, 2015). Heterogeneous binding sites include nonspecific surface interactions that are not associated with an imprint, as well as the
specific interactions within an imprinted cavity. Specific interactions can be further
categorized as low affinity or high affinity, depending on the number of binding loci
involved (Figure 1.3).

Figure 1.3 Heterogeneous binding sites in MIP network.
Blue, pink, and green denote different interactions on the same molecule.
A = Non-specific site, B = Low affinity site, C = High affinity site (After Karin, et al., 2005)

Molecularly imprinted polymers are highly cross-linked to create well-defined
binding sites that enhance the selectivity of the affinity interaction (Wulff, 2002). The
10

abundance of the cross-linking agent makes it a major contributor to the surface
properties of the polymer. Molar ratios of cross-linker to functional monomer are in the
range of 3:1 to 9:1 (Xia, et al., 2005; Dorko, et al., 2015; Anfossi, et al., 2009; Martin, et
al., 2001). Examples of cross-linking agents used in non-covalent imprinting are listed in
Table 1.3. The proportions of the porogen and monomers, as well as their solubility
parameters, control the polymer chain formation during the reaction to create a threedimensional structure. The initiator component contributes free radicals to initiate the
propagation of polymer chain growth. Common initiators are 2,2’-azobisisoheptonitrile
(ABVN) and azo-bisisobutyronitrile (AIBN). Effective porogens, such as listed in Table
1.4, are non-polar organic solvents which stabilize the hydrogen bonds between
functional monomers and the template molecule during the polymerization process
(Sellergren & Shea, 1993). Template molecules are often surrogates for the actual
target compound. Template molecules with multiple hydrogen-bonding sites create
MIPs with greater selectivity, due to the orientation and distances of the sites being
fixed in the cross-linked polymer. The surrogate molecules may differ from the template
by a single functional group. This practice avoids contamination of samples from trace
residual template remaining in the polymer network.

Table 1.2 Examples of functional monomers
Functional monomers
Attribute
acrylic acid
acidic
methacrylic acid
acidic
trifluoromethacrylic acid
acidic
4-vinylbenzoic acid
acidic
4-vinyl benzene sulfonic acid
acidic
itaconic acid
acidic
4-vinylbenzyliminodiacetic acid
acidic
2-hydroxyethylmethacrylate
neutral
11

Functional monomers
acrylamide
methacrylamide
glycerol monoacrylate
4-vinylpyridine
2-aminoethyl methacrylate
1-vinylimidazole

Attribute
neutral
neutral
neutral
basic
basic
basic

Table 1.3. Examples of crosslinking monomers
Crosslinking monomers
Attribute
ethylene glycol dimethacrylate
hydrophobic
trimethylolpropane trimethacrylate
hydrophobic
divinylbenzene
hydrophobic
tetramethylene glycol dimethacrylate
hydrophobic
N,N’-methylenebisacrylamide
hydrophilic
1,4-bis(acryloyl)piperazine
hydrophilic

Table 1.4. Hansen solubility parameters of common porogens
Porogen solvent
δD (MPa0.5)
δP (MPa0.5)
δh (MPa0.5)
dispersion
polarity
hydrogen bonding
toluene
18.0
1.4
2.0
chloroform
17.8
3.1
5.7
methylene chloride
18.2
6.3
6.1
hexane
18.4
0.0
2.0

Two types of polymerization mechanisms used during the manufacture of MIPs
are free radical polymerization and controlled/living radical polymerization. Both require
a source of radicals which initiate the reaction. As the initiator and monomer interact in
free radical polymerization, they propagate rapidly. Radical polymerization in this
fashion does not control the polymer chain lengths as the crosslinking occurs. It is most
commonly used in MIPs for SPE. Controlled/living radical polymerization propagates
polymer chains slowly, resulting in uniform chain lengths. The reagents are more
specialized and the process is slower, therefore this technique is reserved for advanced
applications such as surface-modified MIPs (Ye, 2015).
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The non-covalent polymerization method has become widespread partially due to
its ease of preparation on a small scale. The reaction can be conducted in a test tube,
then ground and sieved, and template extracted on the lab bench top. The particle size
reduction process results in waste during the grinding/sieving step, and provides nonspherical particles of inconsistent size. In order to manufacture commercial-grade MIP
beads

with

reproducible

particle

size

distributions,

suspension

or

emulsion

polymerizations are employed.
The research in this dissertation will focus on the use of commercially available
MIPs that are formed by the non-covalent process. Specifically, they have been created
as a selective extraction element to concentrate TSNAs in human urine for analysis by
LC-MS/MS. There are no published methods using these MIPs for selective extraction
of TSNAs from a complex botanical mixture.
1.C.

Cross-reactivity of molecularly imprinted polymers

During the first decade of the modern MIP field, most polymerization was
conducted via the covalent binding approach described above. Early literature
acclaimed the antibody-like selectivity achieved with these MIPs that were engineered
with stoichiometric reactions. Indeed, MIPs designed in this fashion have been used for
catalysis as well as separation of enantiomers (Wulff, 2002; Sellergren & Shea, 1993).
However, it is the more rapid and versatile technique of non-covalent binding
polymerization that has allowed the materials to become commercially viable. As noncovalent MIPs have proliferated, their selectivity has been evaluated by standard
techniques that do not fully portray their behavior in the presence of non-target
molecules.
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The MIP polymers are often characterized by experiments which compare their
properties versus their non-imprinted counterparts. For example, batch-binding studies
are conducted by incubating known amounts of target analyte with known amounts of
polymer. After equilibration, the free analyte concentration is measured, allowing the
calculation of the bound fraction. Fractions of bound versus free are used to create
adsorption isotherms to measure the approximated number of binding sites indirectly
(Ansell, 2015; Dorko, et al., 2015; Ye, 2015). Another measurement calculated from
isotherms or other binding experiments is the distribution ratio, D, which is the ratio of
bound to free analyte (Equation 1). The ratio of D for a target analyte on MIP versus NIP
can be used to calculate an imprinting factor, IF, with values over 1 indicating effective
imprinting (Equation 2). Note that the IF does not verify the selectivity of the imprints,
but a high IF is described as a measure of quality by researchers in the MIP synthesis
field.

𝐷𝐷 =

𝐵𝐵
𝐹𝐹

Equation 1. Distribution ratio

𝐼𝐼𝐼𝐼 =

𝐷𝐷𝑀𝑀𝑀𝑀𝑀𝑀
𝐷𝐷𝑁𝑁𝑁𝑁𝑁𝑁

Equation 2. Imprinting factor

Affinity chromatography is also used to measure the retention of analyte. A
chromatographic column is loaded with MIP or NIP beads, subjected to the flow of
mobile phase, and analytes are injected via an HPLC. Retention time of analytes are
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measured and normalized by calculating the retention factor, k’, for different analytes on
the MIP (Equation 3). Selectivity, α, is calculated by the ratio of the later peaks retention
factor, k2, to the earlier peak retention factor, k1 (Equation 4). The α value is commonly
noted in literature by researchers who synthesize their own MIPs. The use of this
selectivity definition has origins in chromatographic separations, where peaks are
separated in time. The calculated α value is not directly related to the nature of the SPE
extraction, where the extract is a mixture that is loaded onto a shallow bed. A more
informative measure of selectivity would be screening of likely competitor molecules by
the actual SPE extraction procedure.

𝑘𝑘′ =

(𝑡𝑡𝑅𝑅 − 𝑡𝑡0)
𝑡𝑡0

Equation 3. Retention factor (k')

𝛼𝛼 =

𝑘𝑘2
𝑘𝑘1

Equation 4. Selectivity (α)

Cross-reactivity is the molecular binding of a compound to a substrate that was
not designed for that specific molecule. As mentioned in the previous section, the
production of MIPs most commonly uses analog compounds with structural similarity to
the target molecule. The purpose is to prevent contamination of extracts, should trace
amounts of the target molecule leech from the polymer during extraction. The analog
compounds are selected to have similar structure and properties. The selection of an
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analog that will bind as well as the target molecule, by its nature, indicates crossreactivity is present. Such a phenomenon may be useful when one wishes to extract a
class of compounds instead of a single component. However, investigators relying on
the selectivity of MIP materials may experience undesirable impurities in extracts.
Numerous researchers have reported observations of cross-reactivity in the application
of MIPs.
Martin, et al. issued a recommendation to screen MIPs for potential crossreactivity after encountering such a situation in practice (Martin, et al., 2001). In the
course of developing selective extraction methods for propranolol and tamoxifen, his
group synthesized two different MIPs. Each was created using methyl acrylic acid
(MAA) functional monomer and ethylene glycol dimethacrylate (EGDMA) cross-linker,
with either propranolol or tamoxifen as a template. Complementary control NIPs for
each were created by the same method. Tamoxifen did not exhibit strong binding to
either the tamoxifen-NIP or tamoxifen-MIP. However, propranolol was found to have
affinity for both the tamoxifen-MIP and the tamoxifen-NIP. Most unexpectedly, tamoxifen
had very strong affinity for the propranolol-MIP. The structures of these drugs differ
significantly, so it was not obvious that there would be reason to anticipate such crossreactivity (Figures 1.4 and 1.5).
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Figure 1.4. Tamoxifen structure

Figure 1.5. Propranolol structure

A different team of investigators later used N-phenylacrylamide (PAM) as the
functional monomer and trimethylolpropane trimethacrylate (TRIM) cross-linker to
synthesize a custom MIP for the mycotoxin ochratoxin A. Proactively, they considered
quantitative structure-activity relationship (QSAR) principles to anticipate possible crossreactivity with 34 other mycotoxins (Zhou & Lai, 2004). The underlying assumptions
were that hydrogen-bonding was the primary affinity mechanism, and a mycotoxin
required a carboxylic acid or amine group to participate in hydrogen bonding with PAM.
By these determinations, the paper concluded that only 2 of the 34 common mycotoxins
17

were likely to have significant cross-reactivity. No empirical confirmation was included.
As shown in the previous example of Martin’s work, cross-reactivity may not be evident
by examining the functional groups.
The possibility of side reactions occurring may also affect cross-reactivity of the
final polymer. Anfossi et al. created a MIP for the benzimidazole fungicide
methylbenzimidazol-2-ylcarbamate (molecule 1 in Fig.1.6) using the analog compound
methyl-1-(propylcarbamoyl)benzimidazol-2-ylcarbamate (molecule 3 in Fig. 1.6). Tests
for re-binding showed favorable results for affinity towards the target molecule, but the
MIP did not have any retention for the analog compound used as the template during
polymerization. It also had little binding for the other 6 structural analogs shown in
Figure 1.6. The authors concluded the analog template degraded rapidly into the target
molecule while under the polymerization conditions. This instance emphasizes the
importance of evaluating the stability of all reagents in the process conditions.
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Analog template

Target molecule

Figure 1.6. Methylbenzimidazol-2-ylcarbamate and related compounds
Structures from Anfossi, et al., 2009
1 = Target compound methylbenzimidazol-2-ylcarbamate
3 = Analog compound methyl-1-(propylcarbamoyl)benzimidazol-2-ylcarbamate
2, 4-8 = Related fungicides evaluated for cross-reactivity

As more MIPs become commercially available, investigators will rely on
purchasing them to save time and be assured of consistent quality. For this reason, it is
useful to realize how cross-reactivity can be employed by producers to supply multiapplication MIPs. Instead of making different MIPs for every analyte, the developers can
modify the extraction solvents and conditions to optimize MIPs for a molecule different
from the imprinted molecule. Commercial MIP manufacturers maintain resin libraries of
NIPs and MIPs using a variety of functional groups and templates. As described in
Kecili et al., three prospective target molecules were tested against 32 resins in a 96well plate format (Table 1.5). Once the most retentive functional group was chosen,
another round of screening was conducted using carboxylic acid NIPs and pre-imprinted
MIPs. The MIP that had been pre-imprinted with nornicotine template (Figure 1.8) was
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determined to have the strongest binding for the aminopyridine target compounds
(Figure 1.7). For this reason, the final user is ultimately responsible to evaluate any
unwanted cross-reactivity in their particular application.
Table 1.5. Varieties of resins screened for affinity with aminopyridines
Functional group
Number of
Functional group
Number of
resins
resins
Carboxylic acid
8
Imidazole
2
Amine
1
Amide
3
Boronate
2
Piperazine
1
Pyrrolidone
1
Sulphonic acid
1
Phenyl
2
Trimethyl ammonium
1
Pyridine
5
Hydroxyl
1
Urea
4
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Figure 1.7. A representative target compound, 2-aminopyridine

Figure 1.8. Nornicotine template for pre-imprinted MIP

The industry recently acknowledged the frequent occurrence of cross-reactivity
and it is currently focusing on using it as a feature to create class-selective MIP SPEs
(Yilmaz, et al., 2015). A sub-structure template approach is the common theme among
research related to utilizing cross-reactivity (Boyd, et al., 2007; Kecili, et al., 2014).
Instead of modifying the intact target molecule by adding a substituent such as a methyl
group, this approach uses fragments of the target molecule as a template. If this trend
continues, it will become necessary for manufacturers to differentiate MIPs imprinted
with the intact analog molecule from class-selective MIPs.
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1.D.

The application of molecularly imprinted polymers to analysis of tobaccospecific nitrosamines

TSNA-MIPs have exclusively been used for the analysis of TSNAs or their
metabolites in human urine. The nitrogenous components of urine are primarily urea,
uric acid, and creatinine (Figs. 1.9 – 1.11). They all have negative logP values, making
it unlikely they would interact with the hydrophobic TSNA MIPs during extraction of
urine. A notable common feature of all the listed studies is the use of LC-MS/MS as the
detection technique. This instrumentation is extremely selective and will allow analysis
of the nitrosamines even in the presence of compounds that may co-extract.
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Figure 1.9. Urea structure

Figure 1.10. Uric acid structure

Figure 1.11. Creatinine structure
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Xia and co-workers developed a sensitive LC-MS/MS analytical method to
quantify the NNK metabolite, 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanol (NNAL), in
the urine of smokers and non-smokers. The researchers created MIPs for NNAL by
non-covalent binding bulk polymerization using a proprietary surrogate template (Xia, et
al., 2005). Solid-phase extraction of free and glucuronide-bound NNAL in urine was
performed using the MIP. These researchers were able to enrich urine samples 250fold, resulting in a method limit of detection (LOD) of 1.7 pg/mL. The validated LCMS/MS method was applied to the analysis of NNAL in the urine of smokers and nonsmokers. The MIP created for their research was subsequently commercialized by MIP
Technologies, which has since become a subsidiary of Biotage.
Using the commercialized NNAL- MIPs, Shah, et al. improved the LC-MS/MS
analytical method to make it suitable to support the large volume of samples that are
associated with clinical research studies (Shah, et al., 2009). The chromatographic
conditions were optimized to reduce ionization suppression and improve accuracy.
Sample processing was streamlined to batch-processing to permit an increased volume
of analyses with the same resources. Robustness of the instrumentation was improved
by selecting a silica-polymer hybrid analytical column, thereby reducing maintenance
efforts. The method was validated to meet FDA guidelines for bioanalytical methods,
covering a concentration range of 20 to 2000 pg/mL.
In an LC-MS/MS analytical method developed to quantify four TSNAs in urine, it
was reported that the TSNA-MIP extraction requires a subsequent extraction by cation
exchange SPE to achieve the desired enrichment of target analytes (Kavvadias, et al.,
2009). The need for additional extraction after the MIP extraction raises the questions of
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MIP selectivity and capacity, especially in conjunction with the use of LC-MS/MS
detection.
A capillary microfluidic system was designed using the NNAL-MIP, whereby the
MIP extraction process was entirely automated through a column switching valve (Shah,
et al., 2011). The online capillary column format demonstrated the MIP beads were
usable for more than 300 regenerations. The microfluidic system was validated to meet
FDA guidelines for bioanalytical methods. The method was shown to be able to quantify
the biomarker NNAL-glucuronide in clinical urine samples. Following that development,
a separate group sought greater sensitivity for NNAL in urine. Their method returned to
using NNAL-MIP in SPE format for selective extraction followed by LC-MS/MS analysis.
The limit of quantification is 0.99 pg/mL (Hou, et al., 2012).
To date, no research has been published regarding the use of MIPs in the
analysis of TSNAs in tobacco extracts, nor has their specificity been challenged by the
use of a relatively non-selective detection such as UV absorbance. Although crossreactivity has been documented in MIP literature, no researchers have investigated the
selectivity problem relevant to the TSNA MIP material. The ability to extract trace levels
of TSNA from complex tobacco matrix and perform a robust UV analysis would be costeffective, and show MIPs to their full potential.
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2.

Specific aims of research

The first objective of this research is to improve upon the state of the art for
analysis of TSNAs and their precursor molecules in tobacco extracts. Recent advances
in material science permit the synthesis of hybrid particles consisting of both silica and
1,2-bis(siloxy)ethane, which are stable in environments ranging from 1 to 12 pH. A
commercial analytical column utilizing these hybrid particles of 1.7 µm size will be the
foundation of a chromatographic separation of N-nitrosonornicotine (NNN), 4(methylnitrosamino)-1(3-pyridyl)-1-butanone (NNK), N-nitrosoanatabine (NAT), Nnitrosoanabasine (NAB), nicotine, nornicotine, anatabine, and anabasine. A high pH
mobile phase will be used to maintain all analytes in a neutral state, which will maximize
their retention and selectivity by hydrophobic partitioning. Deuterated internal standards
will be used for quantitation and to monitor for matrix effects. Tandem mass
spectrometry will provide additional selectivity to assure the structurally-related
compounds do not create common product ions which may interfere with quantitation
accuracy. A recently published method aimed at quantifying TSNAs and minor alkaloids
from tobacco extracts does not chromatographically resolve all peaks, including those
with common fragmentation patterns (Li, et al., 2015). The published method relied on
the power of mass spectrometry to eliminate interferences from the extract. However,
no data regarding matrix effects was provided in that publication. As part of the present
research, the published method will be evaluated for matrix effects and compared to the
proposed high pH separation. The new method will be validated using reference
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tobacco materials and compared to existing literature values. This work will create the
first analytical method to use high pH conditions to allow reversed-phase
chromatography to quantify all four TSNAs and their precursor molecules in a single
analysis.
The second objective of this research is to investigate the affinity characteristics
of commercially available MIPs that have been created to bind to NNN, NNK, NAT and
NAB. The polymer beads were developed specifically to be used as sample enrichment
materials to permit quantification of trace levels of TSNAs in human urine, with selective
detection by LC-MS/MS. Because tobacco extract contains the structurally similar
precursors of the target molecules, there is a potential for cross-reactivity that would not
be evident in studies conducted on urine matrix. Cross-reactivity has been observed in
other MIPs, as documented in the literature. The work in this dissertation will study the
nature of the affinity binding between the target molecules and the MIPS. In addition, it
will evaluate the extent of cross-reactivity present in TSNA MIPs for the precursors of
TSNAs as well as oxidation products of nicotine, which are all present at much higher
concentrations in tobacco extract than the TSNAs. The chemical composition of the
beads will be evaluated by FTIR to understand what functional groups are likely present
on the surface of the polymer. MIP beads will be examined by SEM to look for physical
differences between MIP and NIP. Gradients of ionic strength of calcium, potassium,
and magnesium cations will be used to evaluate the presence of ion exchange in the
affinity interactions. Current literature does not address the cross-reactivity of abundant
structurally similar compounds in a complex botanical extract competing for binding
sites on the MIP. The findings of this research will permit future work to either enhance
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or avoid cross-reactivity in the use of MIPs as a selective element in sample
preparation.
The third objective of this research is to create the first HPLC-UV method to
quantify TSNAs in tobacco extract using MIPs as the selective element. Because
structurally-related alkaloids and nicotine oxidation products are abundant, the work will
require adequate specificity from the MIP extraction as well as chromatographic
resolution to avoid errors of quantification due to interferences. The insights gleaned
from the second objective will guide analytical method development. Parameters to be
optimized for the solid phase extraction (SPE) of tobacco will include organic solvent
modifiers, wash volumes, drying protocols, and elution solvents. The method will be
validated using reference tobacco material.

28

3.
Rapid analysis of tobacco-specific nitrosamines and their precursor
alkaloids in tobacco and moist snuff by ultra-performance chromatography and
tandem mass spectrometry

Tobacco-specific nitrosamines are carcinogenic constituents found in tobacco,
namely N’-nitrosonornicotine (NNN), 4-(methylnitrosamino)-1(3-pyridyl)-1-butanone
(NNK), N’-nitrosoanatabine (NAT), and N’-nitrosoanabasine (NAB). They are formed as
nitrous oxides react with the secondary tobacco alkaloids nornicotine, anatabine, and
anabasine during curing and storage of the harvested leaf. Oxidized derivatives of
nicotine are believed to be the precursor for NNK (Dewey & Xie, 2013). The relationship
between the precursor alkaloids and nitrosamines has led to extensive research related
to the formation process in order to reduce TSNA levels in tobacco (Rundlof, et al.,
2000; Gavilano, et al., 2006; Lewis, et al., 2008; Lewis, et al., 2012; Shi, et al., 2012;
Shi, et al., 2013; Pakdeevhanuan, et al., 2012; Wei, et al., 2014). Alkaloids and
nitrosamines in tobacco are usually analyzed separately due to orders of magnitude
difference in their concentrations and chromatographic separation challenges due to
structural similarities. This work reports the first rapid and robust quantitative method for
the four TSNA and their alkaloid precursors using high pH mobile phase conditions for
separation and mass spectrometry for selectivity. Furthermore, the method’s suitability
is demonstrated by its application to the analysis of reference tobacco materials for
cigarettes and moist snuff.
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3.A.

Alkaloid biosynthesis and TSNA formation
Nicotine, anabasine and anatabine are synthesized in the plant roots, then

transported through the xylem, and accumulate in the leaves (Dewey & Xie, 2013). The
3,6-dihydronicotinic acid molecule is a common precursor in the metabolic pathway for
most of these alkaloids, resulting in the structural similarity among them. Anabasine is
derived from decarboxylation condensation of 3,6-dihydronicotinic acid and Δ’piperideine. The pyrrolidine ring of nicotine is derived from arginine or ornithine through
a biosynthetic pathway utilizing ornithine and arginine decarboxylases, putrescine
methyltransferase, methylputrescine oxidase, and nicotine synthase. Nornicotine is
produced by the demethylation of nicotine by nicotine demethylase in the leaves and
plant roots (Bush, et al., 1999; Dewey & Xie, 2013).
Fresh uncured tobacco contains negligible levels of TSNA because these
compounds are formed by nitrosation of the alkaloids, which occurs primarily during the
curing stage. The curing process provides a means of preserving the leaves by drying
tobacco in specific conditions. There are four curing techniques used according to the
rapidity of moisture loss in the tobacco variety with durations ranging from 7 days to 12
weeks. Air curing of Burley tobacco is performed in ventilated structures at ambient
temperature for up to 12 weeks. Sun curing of Oriental tobacco is achieved by setting
racks in the sunshine for up to 4 weeks. Fire curing may be applied to Burley tobacco in
ventilated structures over open flames. Flue curing of Bright tobacco is conducted in
small structures containing heat exchangers and takes approximately seven days
(DeBardeleben, 1987).
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Factors that influence TSNA formation are the curing technique, agricultural
practices, and concentrations of intrinsic tobacco alkaloids (Burton & Bush, 1994;
Chamberlain & Chortyk, 1992; DeRoton, et al., 2005). Curing conditions that include
plentiful ventilation have been demonstrated to reduce TSNA levels. Conditions that
increase exposure to oxides of nitrogen from combustion gases during flue curing have
been shown to increase TSNA levels. Agricultural fertilizer application may allow
residual nitrate to remain on the leaf surface, where microbes enzymatically reduce
nitrate to nitrite which reacts with alkaloids as the leaf cell wall degrades. Tobacco
varieties all naturally contain different concentrations of alkaloids, with Burley having the
highest levels and Oriental having the lowest levels. Cultivars of tobacco with reduced
nicotine demethylase activity metabolize less nicotine into nornicotine, resulting in lower
levels of NNN. Due to these variables, tobacco harvests vary widely in TSNA levels
depending on the location, crop year, weather conditions, and preparation for market.
3.B.

Analytical challenges of measuring alkaloids with TSNA in tobacco

The inherent concentration of nicotine is orders of magnitude higher than the
concentrations of TSNA after curing. This broad span of concentrations presents a
challenge to extract and detect the alkaloid and nitrosamine classes in a single method.
Review of the literature indicates that previous researchers have had to utilize multiple
analyses when investigating these analytes (Burton & Bush, 1994; Chen & Moldoveanu,
2003; DeRoton, et al., 2005; Lisko, et al., 2013; Wagner, et al., 2005; Yang & Smetena,
1995; Bunch, 2014). Established analytical methodologies for measurement of tobaccospecific nitrosamines and alkaloids in tobacco include the GC, GC-TEA thermal energy
analyzer, and LC-MS/MS. The thermal energy analyzer is sensitive and specific for the
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nitroso functional group of the nitrosamines, but is unable to detect the alkaloid class of
compounds. LC-MS is sensitive and highly specific when used in the Multiple Reaction
Monitoring (MRM) mode. However, closely related compounds that share the same
molecular ion and have similar fragmentation patterns, such as anabasine and nicotine,
must be chromatographically separated to avoid error in quantification. The acidic
conditions used in published LC/MS methods to enhance ionization are not conducive
to reversed-phase separation of the TSNA, alkaloids, and nicotine from each other
(Wagner, et al., 2005; Wu, et al., 2003; Li, et al., 2015). The physical properties of
analytes listed in Table 3.1 (Crooks, 1999) show the pKa to be greater than 8 for all the
nicotine-related alkaloids, leaving them partially ionized under LC conditions used in
previous methods. Reversed-phase chromatographic retention and selectivity of TSNA,
alkaloids, and nicotine are optimized when they are all neutral in conditions above pH
10. Recent advances in analytical column technology have created silica-polymer hybrid
particles which are stable over an extended pH range of 1 to 12 (Hudalla, et al., 2012).
The proposed analytical method utilizes this extended-pH technology to greatly increase
sample throughput by combining three separate extractions and analyses (nitrosamine,
minor alkaloids, nicotine) into a single extraction and analysis. Accuracy is also
improved due to reduced ion suppression. The extraction is simple and robust, with no
back-extraction or solid phase extraction steps which could reduce recovery. The
utilization of methanol as the extraction solvent minimizes the extraction of salts present
in moist snuff tobacco, thereby reducing contamination of the ionization source.
Extraction time is 15 minutes and sample filtering time is reduced through the use of
self-filtering autosampler vials. The injection volume is 1 µL, which results in minimal
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matrix entering the ionization source. In addition, employing a divert valve in the fluidics
path reduces time spent on instrument maintenance by reducing deposition of matrix
components onto the ionization source.
Table 3.1. Physical properties of TSNA and their precursor alkaloids
Property
LogP
pKa

3.C.

NNN
1.01
2.9,4.8

NNK
0.58
4.0

NAT
1.25
2.8,4.8

NAB
1.23
2.9,4.8

Nornicotine
0.50
4.2,9.8

Anatabine
0.93
4.1,8.8

Anabasine
0.96
4.2,9.9

Nicotine
0.93
4.2,9.1

Experimental

3.C.1. Instrumentation and reagents
Reference standards solutions for nicotine, N’-Nitrosonornicotine, 4(Methylnitrosamino)-1(3-pyridyl)-1-butanone, N’-Nitrosoanatabine, and N’Nitrosoanabasine were purchased from SPEX CertiPrep (Metuchen, NJ). Reference
standards for nornicotine, anatabine, and anabasine were purchased from Toronto
Research Chemicals (Toronto, Canada). Nicotine-d4, Nornicotine-d4, NNN-d4, NNKd4, and NAT-d4 were purchased from CDN Isotopes (Quebec, Canada). CORESTA
Reference Material 2 (CRP2) moist snuff and 2R4F reference cigarettes were obtained
from the University of Kentucky.
Nicotine has the potential to degrade when exposed to light or heat. Because the
concentrations of nicotine are 50-fold higher than the other alkaloids, the formation of
trace minor alkaloid artifacts in nicotine solutions could impact alkaloid quantification
accuracy. Each compound class was monitored for nicotine-related degradation
products by preparing separate reference standards for nicotine, alkaloids, and TSNA.
Five levels of nicotine calibrators were prepared at 8, 40, 80, 140, and 200 µg/mL, with
deuterated internal standard Nicotine-d4 at 20 µg/mL. Five TSNA calibrators were
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prepared with NNN, NNK, NAT at 1.00, 6.15, 16, 40, and 120 ng/mL and NAB at 0.250,
1.54, 4.00, 10.0, and 30.0 ng/mL. All five TSNA standards had deuterated internal
standards NNN-d4, NNK-d4, and NAT-d4 at 2.00 ng/mL. Five levels of alkaloid
calibrators were prepared with nornicotine, anatabine, and anabasine at 0.20, 0.50, 1.0,
3.0, and 6.0 µg/mL. All five alkaloid standards had deuterated internal standards
nornicotine-d4 and anabasine-d4 at 1.0 µg/mL.
Chromatographic separation was achieved on a Waters Acquity I-class UPLC
equipped with a Waters Acquity UPLC BEH C18 analytical column (2.1 x 100 mm, 1.7
µm), which was maintained at 40 °C. The analytical column was preceded by an in-line
0.2 µm stainless steel frit to prevent occlusion of the column. Elution solvents were
0.1% ammonium hydroxide (aq) and 0.1% ammonium hydroxide in methanol. Eluent
flow was 0.3 mL/min with a total run time of 6.7 min. The elution gradient initial
proportions were 90% aqueous and 10% methanol, increasing to 65% methanol by 3.5
minutes, then increased to 100% methanol by 3.6 minutes and held constant until 5.1
minutes. Elution gradient mixture returned to initial conditions of 10% methanol by 5.2
minutes and remained constant until the end of the 6.7 minute run. Standards and
sample extract injection volume was 1 µL. Detection was performed with Waters Xevo
TQD mass spectrometer in positive electrospray mode. The ionization source
temperature was 150 °C, desolvation gas temperature was 500 °C, and the electrospray
capillary had 1.1 kV charge applied. The multiple reaction monitoring (MRM)
parameters are listed in Table 3.2, and the collision gas was argon. The fluidics were
programmed to divert the LC eluent to waste for the initial 1.0 min and the final 1.7 min
to reduce deposition of unretained matrix components on the ionization source.
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Table 3.2. Mass spectrometric parameters for MS/MS detection of TSNA and alkaloids
Retention time
MRM channel Dwell time Collision energy
Analyte
(min)
(m/z)
(ms)
(V)
NNN
2.69
178.1>148.1
20
10
NNK
2.93
208.1>122.1
20
10
Nornicotine
3.17
149.0>117.0
20
30
NAT
3.37
190.1>160.1
20
10
NAB
3.51
192.1>162.0
20
10
Anatabine
3.48
161.1>106.9
20
16
Anabasine
3.83
163.1>92.1
30
32
Nicotine
4.06
163.1>131.9
10
22
NNN-d4
2.67
182.1>152.1
20
10
Nornicotine-d4
3.15
153.0>120.9
20
36
NNK-d4
2.91
212.1>125.9
20
10
NAT-d4
3.35
194.1>164.0
20
10
Anabasine-d4
3.81
167.1>83.9
30
34
Nicotine-d4
4.04
167.1>135.9
10
24

3.C.2. Optimization of extraction
Five LC-MS compatible solvents were evaluated for their efficiency in extracting
both classes of analytes. Two solvents used were aqueous buffer solutions of 10 mM
ammonium acetate adjusted to pH 5.5 or pH 10. Another two solvents were an equal
mixture of 10 mM ammonium acetate buffer (pH 5.5 or pH 10) and methanol. The last
extraction process was the addition of 1mL concentrated ammonium hydroxide followed
by methanol. Approximately 0.4 g of 2R4F reference tobacco or CRP2 reference moist
snuff tobacco was weighed into a 50-mL polypropylene centrifuge tube. Samples were
extracted by adding 40 mL of solvent to the tube and shaking in a SPEX GenoGrinder
for 30 min at 1000 rpm. A 0.25 mL aliquot of the tobacco extract was transferred to a
polypropylene Mini-UniPrep reservoir chamber. 50 µL of working internal standard was
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added to the vial. Finally, 200 µL of methanol was added to the vial to dilute the sample
extract and mixed. The filter plunger (0.45 µm pore size) was inserted to filter and seal
the MiniUniprep autosampler vial. Samples were analyzed by injecting 1 µL on the
UPLC-MS/MS instrument.
After an optimal solvent was determined, extraction time for 2R4F matrix was
evaluated. Samples were extracted by shaking in a SPEX GenoGrinder for 5, 10, 15,
and 30 min at 1000 rpm. A 0.25 mL aliquot of the tobacco extract was transferred to a
polypropylene Mini-UniPrep reservoir chamber. 50 µL of working internal standard was
added to the chamber. Finally, 200 µL of methanol was added to the vial and mixed.
The filter plunger (0.45 µm pore size) was inserted to filter and seal the MiniUniprep
autosampler vial. Samples were analyzed by injecting 1 µL on UPLC-MS/MS
instrument.
3.C.3. Evaluation of matrix effects
Mass spectrometric analysis is extremely selective, separating analytes by massto-charge ratio rather than time. The power of this technique is appealing to employ with
very fast chromatographic separations. However, matrix components that are not being
actively monitored elute into the source and may enhance or suppress ionization
efficiency of the target analyte. The impact of these changes in ionization may result in
errors in quantification. A post-column infusion study was conducted to evaluate the
impact of matrix effects on the proposed method compared to one recently published
(Li, et al., 2015). The sample extraction and chromatographic conditions of each
protocol were replicated while infusing with 5 µL/min of a standard solution containing 1
µg/mL of analyte to create a stable baseline signal. Each analyte was infused
36

separately to assure any change in baseline was due to matrix effects only. Samples
were extracted by each method and 1 µL injection analyzed by tandem mass
spectrometry.
3.D.

Results and discussion

3.D.1. Chromatographic separation of critical pair of analytes
Nicotine is the prevalent alkaloid in tobacco extract, with a concentration
approximately 50 times higher than the other alkaloids. Nicotine and anabasine are the
critical pair to resolve because their fragmentation results in a common transition (163.1
>92.1 m/z) and nicotine is much more abundant. Baseline peak resolution was obtained
for the critical pair under the chromatographic conditions of this method, as
demonstrated in Figure 3.1. The potential for analytical error is evident in Figure 3.2,
where a significant signal in the anabasine channel is observed when high
concentrations of nicotine are in the sample extract. Although this separation may not
be a concern for biological matrix, it is necessary for tobacco extracts where nicotine will
be the highest analyte present.
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Figure 3.1. Overlaid chromatograms of TSNA and alkaloids calibration standard
(each channel normalized to y-axis)
NNN: N-nitrosonornicotine; NNK: 4-(methylnitrosamino)-1(3-pyridyl)-1-butanone;
NORNIC: nornicotine; NAT: N-nitrosoanatabine; ANAT: anatabine; NAB: Nnitrosoanabasine; ANAB: anabasine; NIC: nicotine

Figure 3.2. Chromatogram of 2R4F extract
(Each channel normalized to y-axis)
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3.D.2. Selection of optimal extraction conditions
The aqueous and methanol extraction solvent mixtures all provided TSNA results
that were not significantly different from each other. 2R4F NNN levels ranged from 2586
to 2632 ng/g, NNK levels were 967 to 1235 ng/g, and NAT levels were 1781 to 2021
ng/g. By comparison, ammonium hydroxide with methanol provided higher results, with
NNN level of 3346 ng/g, NNK at 1411 ng/g and NAT at 2318 ng/g. (Figure 3.3). A
similar trend was observed in CRP2 extractions. The aqueous and methanol mixtures
were equivalent to each other and lower than results obtained by ammonium hydroxide
in methanol. CRP2 NNN levels ranged from 1533 to 1614 ng/g, NNK levels were 299 to
321 ng/g, and NAT levels were 1513 to 1579 ng/g. By comparison, ammonium
hydroxide with methanol provided higher results, with CRP2 NNN level of 2029 ng/g,
NNK at 393 ng/g and NAT at 1884 ng/g. (Figure 3.4)

Figure 3.3. TSNA measurements of 2R4F in multiple solvents and pH conditions
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Figure 3.4. TSNA measurements of CRP2 in multiple solvents and pH conditions
The alkaloid results showed different trends from the TSNA. 2R4F nornicotine
was lowest in the aqueous buffer at pH 10, with an average value of 351 µg/g.
Nornicotine variability was highest in the aqueous buffer at pH 5.5. Highest levels of
nornicotine were measured in mixtures of buffer and methanol and with ammonium
hydroxide in methanol, in the range of 471 to 518 µg/g. 2R4F anatabine levels were
equivalent between all extraction solvents tested, falling between 376 and 420 µg/g.
2R4F anabasine was lowest in aqueous buffer at pH 10 and unmodified methanol, both
levels measured at 81 µg/g (Figure 3.5). CRP2 minor alkaloid concentrations were less
impacted by the choice of solvent. CRP2 nornicotine ranged from 84 to 97 µg/g for all
solvents. CRP2 anatabine levels fell within 167 to 185 µg/g. CRP2 anabasine was in the
range of 50 to 59 µg/g (Figure 3.6).
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Figure 3.5. Alkaloid measurements of 2R4F in multiple solvents and pH conditions

Figure 3.6. Alkaloid measurements of CRP2 in multiple solvents and pH conditions

41

The 2R4F nicotine results were most variable in extraction efficiency among
solvents. 2R4F nicotine level was lowest in unmodified methanol (12997 µg/g), and
equivalent to results seen from aqueous buffer at pH 10 and methanol-buffer mixture at
pH 5.5 (13300 and 13432, respectively). The ammonium hydroxide-methanol extraction
was approximately 30% more efficient than other solvents tested, resulting in measured
levels at 17354 µg/g. (Figure 3.7) As observed in the minor alkaloid extraction results,
CRP2 nicotine concentrations were equivalent between all solvents tested. CRP2
nicotine ranged from 9678 to 10421 µg/g for all experiments (Figure 3.8). A possible
explanation for the difference in extraction efficiency seen between 2R4F and CRP2 is
due to the inherent moisture present in the reference tobacco materials. 2R4F is
typically at approximately 10% moisture, while CRP2 is typically at 55% moisture. The
extraction used in this method adds 1 mL of ammonium hydroxide to the matrix before
initiating the methanol extraction. This provides time for the desiccated cells of the 2R4F
matrix to absorb and expand, allowing greater efficiency of the methanol solvent.
Because CRP2 is already fully wetted, this extra step does not increase extraction
efficiency of abundant analytes such as the alkaloid class, although it is demonstrated
to improve results for TSNA. This data indicates application of ammonium hydroxide
followed by a methanol extraction is the most effective extraction solvent for all eight
analytes in these two matrices.
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Figure 3.7. Nicotine measurements of 2R4F in multiple solvents and pH conditions

Figure 3.8. Nicotine measurements of CRP2 in multiple solvents and pH conditions
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Extraction efficiency was evaluated for all analytes at 5, 10, 15, and 30 minutes
of shaking. NNN was in the range of 3190 to 3350 ng/g, NNK was 1350 to 1410 ng/g,
NAT was 2170 to 2430 ng/g, and NAB was 58 to 71 ng/g. (Figure 3.9) 2R4F alkaloid
levels were also comparable between the various time points. Nornicotine was in the
range of 469 to 518 µg/g, anatabine was 369 to 377 µg/g, anabasine was 89 to 99 µg/g,
(Figure 3.10) 2R4F nicotine also showed no appreciable increase in levels between 10
to 30 minutes, as determined by the overlap of error bars (Figure 3.11). These
experiments demonstrate that 15 minutes is sufficient extraction time for all analytes of
interest.

Figure 3.9. Time-study of TSNA measurements of 2R4F in basified methanol
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Figure 3.10. Time-study of alkaloid measurements of 2R4F in basified methanol

Figure 3.11. Time-study of nicotine measurements of 2R4F in basified methanol
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3.D.3. Calibration Model
The calibration standards encompass the range of concentrations typical of
tobacco and moist snuff. Because the alkaloids are precursors to the nitrosamines,
separate sets of calibration standards were created for each class of compounds
(nitrosamines, secondary alkaloids, and nicotine) to allow monitoring of the solutions for
conversion. In addition, each set of standards had a zero level to confirm the deuterated
internal standards were not contributing signal to the target analyte. Coefficients of
determination exceeding 0.995 and residuals less than 15% indicate the models
selected characterize the instrument response accurately (Table 3.3).
Table 3.3. Calibration curve parameters
Analyte

Calibration
Model

Weighting

Regression curve

NNN
NNK
NAT
NAB
Nornicotine
Anatabine
Anabasine
Nicotine

Linear
Linear
Linear
Linear
Linear
Quadratic
Linear
Quadratic

1/x2
1/x2
1/x2
1/x2
1/x2
1/x2
1/x2
1/x2

y = 0.9355x – 0.6025
y = 1.0988x – 0.5965
y = 1.1743x – 0.6899
y = 2.1517x – 0.3468
y = 3.2803x = 0.0840
y = -0.0866x2 + 2.5856x + 0.0570
y = 1.1259x + 0.0287
y = -0.0020x2 + 1.5353x + 2.0472

Coefficient of
determination
(R2)
0.9995
0.9982
0.9990
0.9994
0.9988
0.9997
0.9957
0.9988

3.D.4. Limit of quantification
The practical lower limit of quantification (LLOQ) for this method is the lowest
calibration standard. Each standard maintains a signal to noise ratio of 30 or greater, far
exceeding the minimal signal to noise ratio of 10 (Table 3.4). Estimation of the lower
limit of detection (LLOD) was derived by extrapolating a concentration that would result
in a signal to noise ratio of approximately 3.
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Table 3.4. Lower limit of quantification (LLOQ) of TSNA and alkaloids
Analyte
NNN
NNK
NAT
NAB
Nornicotine
Anatabine
Anabasine
Nicotine

Lowest standard
concentration
1.0 ng/mL
1.0 ng/mL
1.0 ng/mL
0.25 ng/mL
0.20 µg/mL
0.20 µg/mL
0.20 µg/mL
8.00 µg/mL

Signal to noise
ratio
47
260
479
30
2977
12396
227
250126

LLOQ in sample
100 ng/g
100 ng/g
100 ng/g
25 ng/g
20 µg/g
20 µg/g
20 µg/g
800 µg/g

Extrapolated
LLOD
0.07 ng/mL
0.01 ng/mL
0.01 ng/mL
0.03 ng/mL
0.20 ng/mL
0.05 ng/mL
3.0 ng/mL
0.10 ng/mL

3.D.5. Evaluation of matrix effects
The proposed method and a recently published method (Li, et al., 2015) were
evaluated for matrix effects by using post-column infusion of analyte standards during a
chromatographic run of the 2R4F sample extract, which innately contains the analytes.
Ion suppression was calculated by measuring the magnitude of deflection at analyte
retention times compared to the baseline at 1.0 min. Units were the % on the y-axis.
Suppression was approximately 20% for NNN, 30% for NNK, and 50% for NAB (Figure
3.12) for the conditions used by Li et al. In contrast, there was no suppression evident
at the retention times for the nitrosamines in the proposed method (Figure 3.13). These
observations indicate that the proposed method is less likely to have errors in
quantification due to matrix effects.
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Figure 3.12. Post-column infusion with conditions from Li (2015)
NAB 3.26 min

NAT 3.13 min

NNK 2.71 min

NNN 2.50 min

Figure 3.13. Post-column infusion with conditions from new method
3.D.6. Recovery
Due to the lack of tobacco reference material that is free of alkaloids, reference
material NIST1573a Tomato Leaves was obtained from the National Institute of
48

Time
2.40

Standards and Technology (NIST). Reference material NIST1573a is from a related
plant and has been used as a proxy matrix for fortification in previous literature (Lisko,
et al., 2013). Fortifications were made in triplicate at three concentration levels onto dry
NIST1573a. Fortification solution was allowed to be absorbed by the plant material for
15 min before extraction was performed. Recovery results are listed in Table 3.5.
Average TSNA recoveries ranged from 107.2 to 109.8%. Average alkaloid recoveries
ranged from 92.0 to 105.6%. Average nicotine recovery was 81.6%.
Table 3.5. TSNA and alkaloid recovery from fortified NIST 1573a reference material
% Recovery from fortified 1573a reference material
(n = 3)

NNN

NNK

NAT

NAB

Nornic

Anat

Anab

Nic

Low

88.4

88.4

92.1

112.8

92.9

106.7

106.5

80.8

Med

117.0

117.0

111.2

107.4

92.9

105.3

113.7

88.3

High

121.8

121.8

126.2

101.6

90.1

88.2

96.6

75.7

Cumulative

109.1

109.1

109.8

107.2

92.0

100.0

105.6

81.6

3.D.7. Precision
Instrument precision was evaluated by injecting 1 µL of a standard solution in ten
replicates. The results of instrument precision are summarized in Table 3.6. All
nitrosamines had %RSD less than 6 % and the nicotine and minor alkaloids had %RSD
less than 3%.
Table 3.6. Instrument precision for TSNA and alkaloids
Standard concentration
ng/mL

µg/mL

n = 10

NNN

NNK

NAT

NAB

Nornic

Anat

Anab

Nic

Mean

16.1

16.0

16.2

4.09

0.992

1.02

1.00

79.7

Std dev

0.389

0.481

0.330

0.228

0.0141

0.0242

0.0173

1.61

%RSD

2.43

3.02

2.01

5.82

1.42

2.39

1.73

2.01
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Six replicates of each sample were extracted on three different days to evaluate
method precision. The intraday precision for 2R4F was less than 8.3 %RSD for all
analytes except NAB. NAB precision had one day that was excessive at 33.1 %RSD.
The interday precision for 2R4F was less than 10.7 %RSD for all analytes except NAB
(Table 3.7). The intraday precision for CRP2 was less than 12.8 %RSD for all analytes.
The interday precision for CRP2 was less than 19.5 %RSD for all analytes (Table 3.8).
Extract precision reflects the non-homogenous nature of tobacco filler and moist snuff.

Table 3.7. Precision of 2R4F analysis
2R4F
Day 1 Mean
(n=6)
Day 1 S.D.
Day 1 %RSD
Day 2 Mean
(n=6)
Day 2 S.D.
Day 2 %RSD
Day 3 Mean
(n=6)
Day 3 S.D.
Day 3 %RSD
Overall Mean
(n=18)
Overall S.D.
Overall
%RSD

NNN
(ng/g)

NNK
(ng/g)

NAT
(ng/g)

NAB
(ng/g)

Nornic
(µg/g)

Anat
(µg/g)

Anab
(µg/g)

Nic
(µg/g)

3360

1408

2295

63

485

377

97

16891

127.7

110.4

163.5

5.0

24.3

23.1

4.2

890.8

3.8

7.8

7.1

7.9

5.0

6.1

4.3

5.3

3104

1342

2256

84

509

372

95

16616

183.9

65.5

93.8

12.2

25.9

15.0

7.8

519.6

5.9

4.9

4.2

14.5

5.1

4.0

8.3

3.1

2914

1244

2382

83

605

400

97

17373

77.0

79.4

144.8

27.5

14.3

19.6

5.3

557.0

2.6

6.4

6.1

33.1

2.4

4.9

5.4

3.2

3126

1332

2311

77

533

383

96

16960

227.8

107.4

139.9

19.2

57.3

22.2

5.7

712.4

7.3

8.1

6.1

25.0

10.7

5.8

5.9

4.2

Table 3.8. Precision of CRP2 analysis
CRP2

NNN
(ng/g)

NNK
(ng/g)

NAT
(ng/g)

NAB
(ng/g)

Nornic
(µg/g)

Anat
(µg/g)

Anab
(µg/g)

Nic
(µg/g)

Day 1 Mean
(n=6)
Day 1 S.D.

2029

393

1884

115

97

167

59

12036

156.4

17.0

146.2

9.5

4.8

7.1

4.9

637.9

Day 1 %RSD

7.7

4.3

7.8

8.3

4.9

4.2

8.3

5.3

Day 2 Mean

1479

307

1295

96

80

165

54

11098
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NNN
(ng/g)

NNK
(ng/g)

NAT
(ng/g)

NAB
(ng/g)

Nornic
(µg/g)

Anat
(µg/g)

Anab
(µg/g)

Nic
(µg/g)

Day 2 S.D.

28.0

28.8

86.0

12.3

4.8

10.8

6.0

375.2

Day 2 %RSD
Day 3 Mean
(n=6)
Day 3 S.D.

1.9

9.4

6.6

12.8

6.0

6.6

11.3

3.4

2016

447

1853

118

124

186

64

13469

110.2

45.5

60.9

11.6

2.1

8.0

2.9

650.1

5.5

10.2

3.3

9.9

1.7

4.3

4.5

4.8

1841

382

1677

109

100

173

59

12201

283.8

66.7

295.2

14.6

19.4

12.6

6.3

1136.6

15.4

17.5

17.6

13.3

19.4

7.3

10.6

9.3

CRP2
(n=6)

Day 3 %RSD
Overall Mean
(n=18)
Overall S.D.
Overall
%RSD

Table 3.9 shows the overall mean concentrations measured by this technique
compared favorably to published values for the reference materials (Chen &
Moldoveanu, 2003; Bunch, 2014). Nicotine, nornicotine and anatabine were significantly
lower in the current analysis of 2R4F. There may be two explanations for this. The
alkaloids and nicotine analysis performed in 2003 were by gas chromatography with
flame ionization detection (GC-FID), which lacks the specificity of the UPLC-MS/MS
instrumentation used in the current method. Another factor is the age of the 2R4F
sample which was manufactured in 2001. These compounds may have diminished after
15 years of storage.
Table 3.9. Measured values of TSNA and alkaloids in 2R4F and CRP2 by new method
vs literature values
NNN
(ng/g)

NNK
(ng/g)

NAT
(ng/g)

NAB
(ng/g)

Nornic
(µg/g)

Anat
(µg/g)

Anab
(µg/g)

Nic
(µg/g)

3126

1332

2311

77

533

383

96

16960

3539

1173

1992

118

1160

900

140

19660

CRP2

NNN
(ng/g)

NNK
(ng/g)

NAT
(ng/g)

NAB
(ng/g)

Nornic
(µg/g)

Anat
(µg/g)

Anab
(µg/g)

Nic
(µg/g)

Current method,
2017

1841

382

1677

109

100

173

59

12201

2R4F
Current method,
2017
Chen and
Moldoveanu, 2003
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NNN
(ng/g)
1440 –
2120

2R4F
CORESTA Interlab
study 2010

NNK
(ng/g)
370 –
580

NAT
(ng/g)
1460 2230

NAB
(ng/g)
120 –
210

Nornic
Anat
Anab
(µg/g)
(µg/g)
(µg/g)
Alkaloids combined
386 – 648

Nic
(µg/g)
11730 –
14490

3.D.8. Sample extract stability
Six replicates of 2R4F and CRP2 were extracted according to the method
protocol and divided into aliquots for storage under refrigerated (10 °C) and frozen (20°C) conditions. Extracts were measured at time zero, 48 hours, and 96 hours under
storage conditions. Except anatabine, the analytes remained stable in 2R4F extracts
with less than 15% change during the 96-hour window evaluated. Anatabine in 2R4F
showed less than 15% change under refrigerated conditions for up to 96 hours.
Anatabine was also stable under freezer conditions for the first 48 hours, but was over
16% changed after 96 hours under freezer conditions. All analytes remained stable in
CRP2 extracts with less than 15% change during the 96-hour window evaluated (Table
3.10). Nornicotine had a minor positive bias during the study, with all mean values
having increased less than 10% during storage for each matrix type. Conversely,
anatabine exhibited a negative trend for all mean values measured during the study.
These results support a recommended storage of up to 48 hours in either refrigerated or
freezer conditions.
Table 3.10. 2R4F and CRP2 sample extract stability
% Change in mean concentration after storage (n =6)
Sample

Storage

NNN

NNK

NAT

NAB

Nornicotine

Anatabine

Anabasine

Nicotine

2R4F

48 hr -20C

-0.46

4.91

-1.16

6.39

5.94

-8.08

0.00

-0.23

2R4F

96 hr -20C

1.24

0.84

0.72

5.63

4.49

-16.17

-2.51

0.55

2R4F

48 hr 10C

-2.32

0.56

0.20

-1.04

6.55

-11.50

-0.19

-0.81

2R4F

96 hr 10C

-2.60

-1.35

-6.78

0.90

2.60

-3.62

-1.80

0.77

CRP2

48 hr -20C

1.64

-0.16

4.70

9.57

3.92

-10.85

5.36

1.24

CRP2

96 hr -20C

-1.27

-4.65

3.06

9.51

3.92

-13.01

2.63

-0.40
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% Change in mean concentration after storage (n =6)
Sample

Storage

NNN

NNK

NAT

NAB

Nornicotine

Anatabine

Anabasine

Nicotine

CRP2

48 hr 10C

0.23

2.37

5.13

6.31

5.77

-8.33

3.51

1.03

CRP2

96 hr 10C

-4.34

-1.71

2.65

1.70

9.08

-5.93

3.11

-0.15

3.E.

Conclusion
A rapid and robust liquid chromatography-tandem mass spectrometry method

has been developed to enhance research into the reduction of tobacco-specific
nitrosamines. The sample preparation is direct extraction with no opportunity for losses
due to back-extractions. The use of self-filtering vials increases throughput and reduces
the waste stream. The critical pair of analytes, anabasine and nicotine, have been
separated and avoid the potential for errors of quantification. Matrix effects have been
evaluated and shown to not impact this method. The international tobacco reference
materials 2R4F and CRP2 were used to demonstrate the performance of the method
and results compared well with published values.
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4.
Analysis of tobacco-specific nitrosamines in tobacco extract by
molecularly imprinted polymer affinity extraction with high performance liquid
chromatography and ultraviolet absorbance detection

4.A.

Introduction
Tobacco-specific nitrosamines (TSNA) are carcinogenic compounds present in

tobacco. Two of the TSNAs, NNN and NNK, are on the Harmful and Potentially Harmful
Constituents (HPHC) list compiled by the FDA (Food and Drug Administration, 2012).
As tobacco regulations continue to expand, in March 2017 the FDA announced a
proposed limit to the level of NNN in smokeless tobacco (Food and Drug Administration,
2017). There is a need for a routine quantitative analytical method for TSNA in tobacco
extracts to be implemented in the growing HPHC-control testing industry. One
embodiment of quality control testing could be analyses conducted in numerous modest
laboratories close to the distribution sites of raw cured tobacco. HPLC with UV
detection is a mature technique with stable responses, readily accessible to laboratories
with limited resources. There are other analytes that require the use of advanced LCMS/MS instrumentation, but it is not needed for TSNA concentrations in the range of 1
to 10 µg/g. Existing HPLC methods require derivatization of TSNAs to provide selectivity
in chromatographic separation as well as modifying the absorbance spectra. The
development of TSNA-specific MIPs may provide the selective element to permit HPLCUV analysis of TSNA.
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4.B.

Evaluating cross-reactivity of molecularly imprinted polymers to permit
analysis of TSNAs by UV detection

Molecularly imprinted polymers are designed to maintain imprints that have
specific sites of interaction to align with molecules based on size and location of
functional groups. The imprints have highly-defined ionic and hydrogen bonding
regions, as well as non-polar subsites that assist in retention by hydrophobic
interactions. The polymers must be highly cross-linked to maintain the rigid cavities in
the proper orientation to interact with the target molecule. The cross-linking agent
contributes to the properties of the polymer backbone, creating non-specific affinity that
occurs throughout the polymer surface. The functional groups may participate in ionic
interactions, hydrogen bonding, or hydrophobic attraction. Typically, MIPs with fewer
hydrogen bonding sites offer less selectivity (Sellergren & Shea, 1993). Since TSNA
MIPS target molecules generally have just two sites for binding, it may be expected that
structurally related compounds present in tobacco extract, especially those 50-fold
higher in concentration, could exhibit extensive cross-reactivity.
The TSNA-MIPs used in this application are commercially available, but were
designed specifically for extraction of urine for analysis by LC-MS/MS. All published
analytical methods using TSNA-MIPs are for the analysis of TSNAs or their metabolites
in human urine (Kavvadias, et al., 2009; Shah, et al., 2009; Shah, et al., 2011; Xia, et
al., 2005). The use of LC-MS/MS instrumentation would not necessarily reveal
contaminants that co-extracted with TSNAs.
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Tobacco alkaloids are structurally similar to the target TSNAs, so they may
interact with MIPs and create contaminated extracts. Firstly, the direct precursor
alkaloids are present in concentrations at least two orders of magnitude higher than the
target TSNA compounds. The other alkaloids also share in the pyridine and pyrrolidine
groups, which may participate in hydrogen bonding or ionic interactions. The goal is to
understand the nature of cross-reactivity of TSNA-MIP when exposed to the alkaloids
and nicotine oxidation products in a complex botanical extract of tobacco, such as the
2R4F international reference material. With this information, the selectivity of the
extraction can be optimized to permit quantification of TSNA in tobacco extract by
HPLC-UV.
The analytical method developed in Chapter 3 for UPLC-MS/MS was modified to
permit separation of the TSNAs and their precursors and other oxidation products of
nicotine. Analysis of these compounds by UV detection requires resolution of retention
times and a selective extraction process.
4.C.

Experimental

4.C.1. Instrumentation and reagents
Stainless steel columns (50 x 4.6 mm) and stainless steel frits (10 µm pore size)
were purchased from Supelco (Bellefonte, PA). Supported liquid extraction was
conducted on Isolute HM-N 5-mL capacity cartridges, Affinilute TSNA MIP cartridges
(50 mg), Rensa TSNA MIP 4001 bulk polymer, and Rensa TSNA NIP 5003 bulk
polymer were purchased from Biotage (Lund, Sweden). Ammonium acetate, acetic acid,
ammonium hydroxide, calcium chloride, magnesium chloride, sodium chloride, and
potassium chloride were purchased from Fisher Scientific (Pittsburgh, PA).
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Reference standards solutions for nicotine, N’-Nitrosonornicotine, 4(Methylnitrosamino)-1(3-pyridyl)-1-butanone, N’-Nitrosoanatabine, and N’Nitrosoanabasine were purchased from SPEX CertiPrep (Metuchen, NJ). Reference
standards in acetonitrile for nornicotine, anatabine, anabasine, cotinine, nicotine-Noxide, myosmine, and β-nicotyrine were purchased from Toronto Research Chemicals
(Toronto, Canada). Quinoline was purchased from Sigma-Aldrich (St. Louis, MO).
CORESTA Reference Material 2 (CRP2) moist snuff and 2R4F reference cigarettes
were obtained from the University of Kentucky. Methanol, phosphoric acid, acetonitrile,
heptane, dichloromethane, and ethyl acetate were all HPLC grade or better, obtained
from Fisher Scientific (Pittsburgh, PA).
Ionic strength MIP binding experiments were conducted on an Agilent 1200 liquid
chromatograph with a binary pump equipped with a diode array detector set to monitor
240 nm. This wavelength was selected to optimize the response of the TSNA
compounds. Column was kept at 25 °C and autosampler was maintained at 10 °C.
Injection volume was 50 µL.
Fourier transform infrared –attenuated total reflectance (FTIR_ATR) spectra of
the polymers were acquired with a Thermo Scientific iS50 GladiATR FTIR-ATR
instrument. A JEOL JSM 6010 LA Environmental Scanning Electron Microscope with
Si/Li X-ray detector was used to examine the surface of the polymer beads under
magnification.
An X-Bridge C18 analytical column (Waters Corp, Milford, MA) with dimensions
of 2.1 x 50 mm, 2.5 µm particle size was used for reversed-phase chromatographic
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separation of the analytes . The HPLC system used was an Agilent 1200 quaternary
pump equipped with a diode array detector.
4.C.2. Evaluation of physical properties of the polymer beads
FTIR-ATR analysis
Absorbance spectra of the polymers were acquired with a Thermo Scientific iS50
GladiATR FTIR-ATR instrument with a diamond ATR crystal. Sample spectra were a
composite of 64 sample scans, with background subtraction. Scans were acquired from
wavenumbers 500 to 4000 cm-1, with a resolution of 4 cm-1. A reference spectrum for
polystyrene was acquired with the same instrument and conditions as the samples. A
reference spectrum for polymethyl methacrylate was obtained from the spectral library
HR Spectra Polymers and Plasticizers by ATR (Thermo Scientific, Inc., 2008). A
reference spectrum for a mixture of polymethyl methacrylate:methacrylic acid, 5:2 was
obtained from the spectral library HR Hummel Polymers and Additives (Nicolet
Instrument Corp., 2008).
Scanning electron microscopy imaging characterization
Back-scattered electron detection and secondary electron detection were used to
image the surfaces. The beam accelerating voltage was set to 20 kV. A working
distance of 6.0 mm was used to analyze the samples, which were mounted on
electrically-conductive carbon tape. Variable pressure mode was used and the system
was stabilized at 30 Pa for operation. The non-conductive polymer samples were
sputter-coated with Au/Pd to permit imaging. The Au/Pd source target was a
Cressington Sputter Coater 208HR, with a MTM 20 Cressington Thickness Controller
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for the Au/Pd coating. Images of the NIP were taken at 300- and 600-fold magnification.
Images of the MIP were taken at 70-, 250-, and 750-fold magnification.
4.C.3. Effect of pH on retention factor (k’)
A stainless steel column was packed with approximately 300 mg of MIP, with
vibration to assist in creating a uniform density within the column. The column was
installed on the HPLC system and flushed with 100% methanol for 30 minutes before
equilibrating with the mobile phase mixture of the experiment. The instrumentation used
was a Waters Acquity UPLC equipped with a Waters Acquity PDA. Aqueous mobile
phase was one of three buffers: 10 mM ammonium acetate (pH 5.5), 10 mM ammonium
acetate (pH 10), or 10 mM ammonium formate (pH 3.3). Ionic strengths of these two
buffers were not varied to evaluate their effect on retention because ammonium is a
weak counter ion for cation exchange. Ionic strength manipulation was conducted in
Section 4.C.4. of this dissertation. Organic mobile phase was either methanol or
acetonitrile. Proportions of buffers and organic solvents were run according to Table
4.1. Eluent flow was 0.6 mL/min with a total run time of 10 min. Standard solutions for
each compound were injected in triplicate on the MIP column to obtain a retention time
for calculation of the retention factor (k’).

Buffer/Organic
pH 5.5/MeOH
pH 10/MeOH
pH 3.3/MeOH
pH 5.5/ACN

5
N
Y
N
N

Table 4.1. Elution profiles on MIP
% Organic solvent
10
20
25
30
35
40
45
50
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
N
N
N
Y
N
Y
N
Y
Y
Y
N
Y
N
Y
N
Y
Y = Condition used, N = Condition not used
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Y
Y
N
N

60
Y
Y
N
Y

The experiment was conducted with a NIP column as well, to evaluate the
binding component due to the polymer surface interactions without imprinting. A
stainless steel column was packed with approximately 300 mg of NIP, with vibration to
assist in creating a uniform density. The column was installed on a Waters Acquity
UPLC equipped with a Waters Acquity PDA. Aqueous mobile phase was either 10 mM
ammonium acetate (pH 5.5) or 10 mM ammonium acetate (pH 10). Organic mobile
phase was methanol. Proportions of buffers and organic solvents were run according to
Table 4.2. Eluent mixtures were selected to represent the lower, middle, and highest
concentrations of organic used in the MIP. Fewer conditions were selected with the
expectation that more granular data would not be necessary since NIP binding would
not establish final MIP SPE washes. Eluent flow was 0.6 mL/min with a total run time of
10 min.
Table 4.2. Elution profiles on NIP
Buffer/Organic
% Organic solvent
20
40
60
pH 5.5/MeOH
Y
Y
Y
pH 10/MeOH
Y
Y
Y

The polymer of the MIP bead is a methacrylate backbone, as described in
Section 4.D.1 of this manuscript. The ester linkages in methacrylate polymer are
susceptible to hydrolysis at extremes of pH, which restricts the conditions to evaluate.
Buffer solutions were chosen to provide three environments for binding: manufacturerrecommended optimal (pH 5.5), more acidic (pH 3.3), and more basic (pH 10). The
NNN, NAT, and NAB molecules would require conditions of approximately pH 1 to
achieve full ionization, which is outside the operating limits of the MIP polymer. Although
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the TSNAs are not fully ionized at pH 3.3, it is still useful to contrast the manufacturerrecommended condition with a more acidic condition.

4.C.4. Effect of ionic interactions on MIP affinity
The MIP beads used in this work contain methacrylic acid (MAA) functional
groups, as determined in Section 4.D.1. In an environment with pH above 4.6, MAA
forms a carboxylate anion which is capable of interacting with the target compounds.
The ionic bond may be disrupted by an increase in ionic concentration, or displacement
of the target compound by a species with greater ionic selectivity. To evaluate the
component of binding affinity due to an ion exchange mechanism, probe compounds
were loaded onto a MIP analytical column under multiple ionic conditions. The five
probe analytes were selected to represent the weak and strong affinity at pH 5.5
observed in each class of compounds, as shown in Section 4.D.2. Strongly and weakly
retained nitrosamines were represented by NAT and NNN, respectively. Myosmine was
chosen as a strongly retained alkaloid, while anatabine represents the weaker affinity
seen in the alkaloids tested. Beta-nicotyrine has the strongest affinity for MIPs of the
molecules evaluated under all test conditions, so could have multiple interaction
mechanisms, including ionic.
Cation exchange counter ion affinity is proportional to surface charge; therefore
Ca2+ has a greater affinity than Mg2+ , which has greater affinity than K+. Solutions of
each of these three ions were created in 10, 50, and 100 mM concentrations, and the
solutions were adjusted to approximately pH 5. The lowest concentration, 10 mM, was
selected to directly compare with the normal experimental conditions of the 10 mM
61

ammonium acetate buffer. The 50 and 100 mM concentrations were selected to
evaluate ionic strength at a 10-fold increase, but low enough to reduce the risk of
precipitation in the presence of methanol. Isocratic mixtures of each solution with 10%
methanol were run at 0.6 mL/min flow rate for 10 min. A diluted solution of each probe
analyte was created at 10 µg/mL in water, and the samples were analyzed in triplicate.
4.C.5. TSNA binding in the presence of nicotine
The MIP SPE cartridges, containing 30 mg of MIP, were tested for the capacity to
retain TSNAs in the presence of high concentrations of nicotine. Solutions containing 1
µg/mL of each TSNA and 5, 10, 20, and 30 mg of nicotine were made in 10 mM
ammonium acetate, pH 5.5. Cartridges were equilibrated with 1 mL methanol and 1 mL
ammonium acetate buffer. A 1 mL aliquot of the TSNA-nicotine solution was applied to
the cartridge, and its eluate was collected for analysis. The cartridges were subjected to
10 min of vacuum to allow drying. A 1 mL aliquot of heptane was used to wash the
cartridges and discarded. The cartridges were eluted with 2 mL of dichloromethane. The
dichloromethane eluate was evaporated to dryness at 30 °C, and then reconstituted in
buffer. A 1 mL methanol aliquot was applied to remove all remaining compounds from
the MIP cartridges, with its eluate collected and evaporated, then reconstituted in 1 mL
of buffer. Samples were extracted through the SPE cartridges in triplicate. All samples
were analyzed by LC-MS/MS. The area counts from each fraction collected were
summed, and then fraction was calculated as a percentage of that sum. This method
was necessary to measure the nicotine oxidation products that were not applied, but
were observed during the experiment.
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4.C.6. TSNA binding on MIP and NIP
Optimal conditions for MIP affinity occur in non-polar solvents to enhance the
electrostatic intermolecular interactions. The affinity behavior of the TSNAs, nicotine,
and nicotine oxidation products in a heptane solution are expected to be the most
selective. TSNA MIP 30 mg cartridges were used as received from the manufacturer.
Cartridges containing 30 mg NIP were assembled using standard polypropylene SPE
tubes and frits. Samples were prepared in triplicate. Separate standard solutions of
TSNA, nicotine, and nicotine oxidation products were made in heptane at a
concentration of 1 µg/mL. The SPE cartridges were prepared by equilibrating with 1 mL
heptane before a1 mL aliquot of standard solution was applied to the cartridge, and its
eluate was collected for analysis. Vacuum was drawn through the cartridges for 10 min
to evaporate the solvent. The cartridges were eluted with 2 aliquots of 1 mL of
dichloromethane, which were combined for evaporation and reconstitution. A final 1 mL
aliquot of dichloromethane was applied to as a confirmatory step. The fractions from
each step were evaporated at 30 °C, and then reconstituted in 1 mL of mobile phase
buffer. Samples were analyzed by LC-MS/MS.
4.C.7. Optimization of extraction
The sample extraction protocol used in Chapter 3 was not suitable for use in an
UV application for several reasons. Firstly, the methanolic extraction was optimized to
obtain efficient extraction of nicotine and other alkaloids in addition to the TSNAs. In the
present experiments, the objective is to reduce extraction of the interfering alkaloids.
Secondly, methanol extraction solvent is unsuitable for TSNA retention during sample
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loading on the MIP cartridge. It has been determined in this study that concentrations of
methanol greater than 30% results in minimal retention on the MIP, even at high pH.
Supported liquid extraction
The most effective binding to the MIP would be achieved in heptane, however
extraction efficiency of NNN is extremely low in heptane. A preliminary tri-solvent
mixture study was conducted to scout for a more efficient solvent system to extract the
TSNAs from an aqueous buffer at pH 10. The experiment was performed in singlicate
as an exploratory exercise. Solvents were selected for their miscibility with heptane and
their ability to provide some polarity to the mixture, using the solubility parameters
shown in Table 4.3. Previous work had already determined that the polar solvents
methanol, acetone, acetonitrile, ethyl acetate, and dichloromethane elute TSNAs from
the MIP. If favorable results were obtained from supported liquid extraction, additional
experiments would be required to ascertain the MIP retention of TSNA in these solvent
mixtures.
Table 4.3. Hansen solubility parameters of potential eluents
Solvents
δD (MPa0.5)
δP (MPa0.5) δH (MPa0.5)
1-Butanol
16
5.7
15.8
2-Butanol
15.8
5.7
14.5
Ethyl Acetate
15.8
5.3
7.2
Heptane
15.3
0
0
Iso-Butanol
15.1
5.7
15.9
Methylene Chloride
17
7.3
7.1
1-Propanol
16
6.8
17.4
Toluene
18
1.4
2
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Ethyl acetate and dichloromethane were selected to increase the polarity of the
organic solvent mixture. Heptane, ethyl acetate, and dichloromethane mixtures were
made in proportions according to Table 4.4.
Table 4.4. Tri-solvent mixture proportions for Supported Liquid Extraction
Heptane : ethyl acetate : dichloromethane
9:1:0 7:3:0 5:5:0 3:7:0 1:9:0 0:10:0
Proportions of each
0:0:10 1:0:0 3:0:7 5:0:5 7:0:3 9:0:1

Five mL of a 1 µg/mL standard solution of in 10 mM ammonium acetate, pH 10, was
applied to 12 separate cartridges. Solutions were allowed to permeate the
diatomaceous earth particles for 10 minutes to fully distribute throughout the medium. A
total of 15 mL of selected solvent was applied to the top of the column and collected in a
16 x 100 mm glass test tube. Approximately 12 mL was collected, with 3 mL remaining
within the cartridge. Eluates were evaporated to dryness at 30 °C under nitrogen.
Contents of each tube were reconstituted in 1 mL of mobile phase buffer. Samples were
analyzed by LC-MS/MS. Recovery was calculated by comparing results to a buffer
control solution that was not extracted through the process.
MIP extraction
Knowing that the MIP contains MAA as the functional group, an attempt was
made to retain TSNAs on the MIP using a hydrogen bonding mechanism. The MIP
extraction was maintained in non-aqueous condition for this evaluation. A standard of
10 ug/mL TSNA was made in 0.025 M phosphoric acid in acetonitrile. An additional
standard was made in unmodified acetonitrile. Three MIP cartridges were conditioned
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with 0.025 M phosphoric acid in acetonitrile, standard solution applied, followed by a 10
min vacuum to evaporate the solvent. A 1 mL aliquot of dichloromethane was used to
elute the TSNA. The residue was reconstituted in 1 mL mobile phase buffer and
analyzed by HPLC. Three plain acetonitrile standards were processed in the same
manner. Three control samples were the acidified standards carried through the
evaporation and reconstitution portion of the procedure.
The manufacturer-recommended extraction was conducted on solution and
tobacco extracts. One gram of 2R4F tobacco was extracted with 15 mL of 10 mM
ammonium acetate buffer, adjusted to pH 5.5. The sample was filtered through a 0.45
µm syringe filter. The MIP cartridges were equilibrated with 1 mL methanol and 1 mL 10
mM ammonium acetate buffer. Making certain to not allow the SPE bed to dry, a 1 mL
aliquot of tobacco extract was applied. The SPE was washed with a 1 mL aliquot of
buffer and allowed to dry during 10 min of negative pressure. An additional wash with 1
mL heptane was conducted, followed by a 5 min drying session. The TSNAs were
eluted with 2 replicates of 1 mL aliquots of dichloromethane. The eluate was evaporated
under nitrogen at 40 °C to dryness. The residue was reconstituted in 0.3 mL of mobile
phase buffer. The same SPE procedure above was repeated with the volume wash of
buffer reduced to 0.5 mL. To evaluate the effect of buffer wash modifiers, the SPE
extraction was also conducted using volume reduced to 0.5 mL and additives of 20%
methanol, 10 % acetonitrile, and 5% acetonitrile.
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4.D.

Results and discussion

4.D.1. Physical characterization of the polymer
FTIR-ATR analysis
These commercially available MIPs are manufactured using two potential types
of polymer backbones in their beads, styrene-based or methacrylate (Biotage/MIP
Technologies, 2016). Styrene-based backbones have aromatic rings dispersed
throughout, which adds hydrophobic and pi-bond interactions in addition to the
intentional functional groups attached to the surface. Styrene-based backbones are also
stable over the range of pH 1 to pH 14. In contrast, methacrylate backbones are limited
to a pH range of 2 to 10. This is due to the presence of methyl ester linkages that are
susceptible to acid-catalyzed or base-catalyzed hydrolysis in extreme pH (Biotage/MIP
Technologies, 2016). Another characteristic of the methacrylate backbone is that it
provides fewer hydrophobic interactions, which can result in weaker retention of less
polar analytes.
Since these two backbone materials have different limits on their pH
environment, it was necessary to determine which polymer was present in the TSNA
MIPs. Analytical method development requires knowledge of what solvents and
conditions are compatible with the MIP polymer. To this end, FTIR-ATR spectroscopy
was used to determine the nature of the polymer in the MIP beads.
Spectra of polymethyl methacrylate (PMMA) and polystyrene (PS) were
compared to evaluate distinguishing IR bands. Figure 4.1 shows an overlay of the two
spectra. The PS spectrum shows characteristic aromatic ring stretching from 3000 to
3100 cm-1 and 1430 to 1500 cm-1. The PS spectrum in the region of 700 to 800 cm-1
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correlates to hydrogen bending on the aromatic carbons. The PMMA spectrum reveals
a prominent band at 1730 cm-1 due to the stretching of the carbon-oxygen double bond.
The band spanning 1100 to 1300 cm-1 is due to stretching of the carbon-oxygen-carbon
single bond present in the ester linkages. The two materials were confirmed to have
unique IR spectra that can be used to identify the nature of the MIP beads.

PMMA

PS

Figure 4.1. Comparison of polymethyl methacrylate and polystyrene spectra

The spectra of the MIP and NIP were compared to the reference spectra for PS
obtained in the laboratory, and were determined to be a poor match (Fig. 4.2). When
overlaid with the reference spectra for PMMA from a spectral library, the MIP and NIP
spectra match all major bands for PMMA (Fig. 4.3). There is somewhat less resolution
in the bands for the MIP and NIP samples. This may be due to the spherical nature of
the MIP material which results in reduced contact with the crystal, compared to the
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reference spectrum from a film. Another difference is a broad band from 3100 to 3700
cm-1 present in the MIP and NIP beads, but not in the reference. This band correlates to
stretching of oxygen-hydrogen bonds, which prompted a search for a spectrum that
contained a carboxylic acid.

NIP
MIP
PS

Figure 4.2. Comparison of MIP and NIP and polystyrene spectra
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Bands present in samples,
absent in PMMA reference

NIP

MIP

PMMA

Figure 4.3. Comparison of FTIR spectra of polymer beads with reference spectra for
polymethyl methacrylate
PMMA reference spectrum used with permission. Copyright 2008 ThermoScientific.

An overlay of the MIP and NIP spectra with a library reference spectrum from
beads consisting of a mixture of polymethyl methacrylate:methacrylic acid (PMMA:MAA)
in a 5:2 ratio, provided an excellent match (Fig 4.4). The broad band between 3100 to
3700 cm-1 matches and can be explained by the hydroxyl group on the methacrylic
acid. The data is consistent with the MIP beads having a methacrylate polymer
backbone with a proportion of methacrylic acid functional groups. With this knowledge,
analytical method development was conducted within the pH range of 2 to 10 to avoid
erroneous data due to inadvertent hydrolysis of the ester linkages within the polymer
structure. The data also confirms that the surface composition of the NIP and the MIP
are the same chemically.
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Spectral features of
sample match reference

NIP
MIP
PMMA:MAA, 5:2

Figure 4.4. Comparison of FTIR spectra of polymer beads with reference spectra for
polymethyl methacrylate:methacrylic acid, 5:2
PMMA:MAA reference spectrum used with permission. Copyright 2008 Nicolet
Instrument Corp.

Scanning electron microscopy imaging
The MIP and NIP beads were analyzed by scanning electron microscopy (SEM)
as part of the investigation. The MIP and NIP beads were maintained in their original
packaging as bulk polymer material prior to the analysis. The original containers were
kept closed and stored at ambient conditions for approximately 1 year prior to the
imaging. SEM images of non-imprinted polymer beads revealed spherical particles of
mixed size (Fig. 4.5). This observation is consistent with the manufacturer’s claim of an
average particle diameter of 50 µm, with the particle size distribution reported as greater
than 75% between 30 and 90 µm. At magnification of x600, the NIP surfaces appear
smooth, with no fissures (Fig. 4.6). In contrast, SEM images of the molecularly imprinted
polymer beads at x70 magnification reveal numerous beads with cracked or separated
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shells (Fig. 4.7). One image displays a shell that encapsulates numerous spherical
beads (Fig. 4.8). Another angle of this particle shows that there are two layers to the
shell (Fig. 4.9). The shell was measured to be approximately 2.8 µm thick (Fig. 4.10).

Figure 4.5. SEM image, magnification x300 of non-imprinted polymer beads.
(Image credit: Mike Ward)
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Figure 4.6. SEM image, magnification x600 of non-imprinted polymer beads.
(Image credit: Mike Ward)

Shells
separated from
beads

Figure 4.7. SEM image, magnification x70 of MIP beads, revealing coating on beads
and some separated shells.
(Image credit: Mike Ward)
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Single shell encapsulates
multiple spherical beads

Figure 4.8. SEM image, magnification x250 of MIP beads, with a single shell
encapsulating multiple spheres in top right corner.
(Image credit: Mike Ward)

Figure 4.9. SEM image, magnification x70 of MIP beads. Detail showing two layers on
open shell encapsulating multiple spheres
(Image credit: Mike Ward)
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Figure 4.10. SEM image, magnification x750 of MIP beads and measurement of shell.
(Image credit: Mike Ward)
Calculation of the volume of a shell is the difference between the outer layer and
the inner sphere (Eq. 1), where V is volume of the shell, R is the radius of the outer
layer (shell-air interface), and r is the radius of the inner sphere (core-shell interface).

𝑉𝑉 =

4
𝜋𝜋(𝑅𝑅 3 − 𝑟𝑟 3 )
3

Equation 5 Volume of a shell
Assuming a 50 µm bead diameter and a 2.8 µm shell thickness, the volume of the shell
is approximately 10392 µm3 and the volume of the core is approximately 55058 µm3.
The ratio of shell volume to core volume is 0.19. If the imprinted sites were restricted to
the area of the shell and the porosity is equivalent between the two layers, then only 19
% of the surface area has the specific binding sites and 81% is available to participate
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in non-specific binding. Of course, the ratio of shell to core will vary according to particle
size. Considering the fact that 75% of the particle size distribution is between 30 and 90
µm, it is worth calculating the range of shell-to-core ratios. A bead of 30 µm will have a
shell-to-core ratio of 0.34 (and less non-specific binding), whereas a larger bead of 90
µm will have a shell-to-core ratio of 0.10 (with greater non-specific binding).
One explanation for the presence of a shell is there is some effect of the
imprinting process that makes MIPs shed an external layer, whereas NIPs do not.
Mechanisms for this would include: the presence of imprinting cavities reduce structural
integrity, the presence of template during polymerization results in reduced cross-linking
efficiency within the polymers, or the removal of the template damages the polymer.
The nature of imprinting, by definition, creates cavities in the polymer. This may result in
a more fragile bead, prone to de-laminating. The presence of a template molecule may
alter the length or heterogeneity of the polymer chains, which could make them less
rugged. Lastly, the extensive cleaning procedure used to purge the template from its
binding sites might make the polymer more brittle. Molecularly imprinted polymers are
commonly treated with acid and organic solvents to aggressively release as much
bound template as possible. The methacrylate polymer backbone may undergo
hydrolysis in conditions of extreme pH. Similarly, solvents that induce swelling of the
polymer are sometimes used to expel the template, and could induce fissures in the
polymer upon drying. Since the NIP contains no template, it is spared the harsh purging
process during manufacturing, and displays no fracturing in the SEM images generated
for this project.
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Another explanation for the presence of a shell would be if the manufacturing
process has two steps: synthesis of the core beads, and a second process that creates
the imprinted shell. A possible advantage of such a system could be the flexibility to use
the same core beads from a bead library to create a variety of specialized imprinted
beads after one final processing step. There could also be an incentive to use a lower
concentration of template in the imprinting of a shell versus imprinting an entire polymer
bead, such as use of an expensive or limited template. The observation of a mostlyintact shell containing multiple smaller spheres within is consistent with the shell
assembly occurring after the production of the core beads (Fig. 4.8). Such an object is
an example of a failure during the encapsulation process. The shell may have selfassembled, but not around a bead. Considering the fact that this particular shell could
not have simply separated from another bead, since the opening in it is less than the
diameter of its sphere. It may be that the smaller beads were electrostatically attracted
to the material of the shell and tumbled in.
Regardless of the cause, the numerous fragments observed in these images
suggest that MIP beads of PMMA:MAA composition may be more friable than assumed
in the literature. This has implications for the use of the MIP beads as a
chromatographic separation medium. Firstly, the presence of numerous shell fragments
in brand-new polymer beads direct from the manufacturer package suggests increased
particle disintegration could be generated under the pressure used in HPLC conditions.
Particle fragments would likely accumulate and cause an increase in system pressure
over time, changing retention times and peak shapes. Lastly, fragments small enough to
pass through the column end frit could possibly migrate to the detection instrument,
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such as a mass spectrometer. The ion source chamber of a mass spectrometer uses
desolvation gas at elevated temperatures, commonly greater than 300 °C, while
polymethyl methacrylate has a melting point of 160 °C. Migration of such particle
fragments could lead to the undesirable deposition of polymer in the ion source.

4.D.2. Effect of pH on retention factor (k’)
The retention factor, k’, provides a means to compare the retention of different
analytes by normalizing them to a peak with no retention (Fig. 4.11). The calculation is
displayed in Eq. 3 (Chapter 1), where tR is the analyte retention time, and t0 is the
retention time of the unretained peak.
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Figure 4.11. Chromatograms of unretained (t0) and retained (tR) peaks on MIP
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Comparing the change in k’ in the presence of different solvents is a standard
approach to understanding the nature of the interactions involved at the binding sites,
as described in the literature. Methanol was selected for its ability to disrupt hydrogen
bonds and acetonitrile was selected for its eluotropic strength in reversed-phase
chromatography. These values are measured with the system under pressure, and may
not directly reflect the binding observed in an SPE format.
The initial evaluation of TSNA retention on a MIP or NIP column bed was
performed at the manufacturer-recommended extraction condition at pH 5.5 (Figs. 4.12
and 4.13). The strongest retention on the MIP was observed with NAT. At 40%
methanol, it was only beginning to dissociate from the MIP, comparable to NNN at 25%
methanol. Retention for the MIP ranks in the order of NAT > NAB > NNK >> NNN.
Interestingly, the rank differs slightly on the NIP, where NAB > NAT > NNK >> NNN.
Indeed, NAB at 40% MeOH has more retention on NIP (avg k’ 19.4) than on a MIP (avg
k’ 14.0). This indicates surface interactions not associated with the imprinted sites are a
major contributor to the retention of TSNAs. Because the NIP experiment was
conducted at only three methanol concentrations, there is insufficient data to compare
the rate of change in retention on the NIP versus MIP.

79

TSNA k’ on MIP, pH 5.5
n=3
Error bars = 2 SD
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Figure 4.12. TSNA k' on MIP at pH 5.5 with methanol

TSNA k' on NIP, pH 5.5
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Error bars = 2 SD
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Figure 4.13. TSNA k' on non-imprinted polymer at pH 5.5 with methanol
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Increasing the pH of the environment shifted the MIP retention curves to the
right, with all TSNAs exhibiting stronger affinity for the MIPs in the presence of methanol
(Fig. 4.14). Increase in pH also changes the behavior seen at 40% methanol on NIPs,
compared to pH 5.5 (Fig. 4.15). NAT is retained stronger on NIP at pH 10 (avg k’ 16.2)
than at pH 5.5 (avg k’ 14.8). Most markedly, NAB is much more retained on NIP at pH
5.5 (avg k’ 19.4) versus pH 10 (avg k’ 14.6).

TSNA k’ on MIP, pH 10
n=3
Error bars = 2 SD
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Figure 4.14. TSNA k' on MIP at pH 10 with methanol

81

60

TSNA k' on NIP, pH 10
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Error bars = 2 SD
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Figure 4.15. TSNA k' on non-imprinted polymer at pH 10 with methanol

The results from MIP binding at pH 3.3 (Fig. 4.16) showed a trend consistent with
observation at pH 10, where NAT is the most strongly retained. Considering the pka
values for these molecules are very similar, it is unexpected that there would be a shift
in behavior between pH 3.3 and pH 5.5 for only one compound. The final condition
evaluated for MIP retention was pH with proportions of acetonitrile (Fig. 4.17). The
retention curves all shifted to the left, with a dramatic loss of retention. The same
general trend of binding in decreasing order remains NAT > NAB > NNK > NNN.
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TSNA k’ on MIP, pH 3.3
n=3
Error bars = 1 SD
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Figure 4.16. TSNA k' on MIP at pH 3.3 with methanol

TSNA k’ on MIP, pH 5.5 with ACN
n=3
Error bars = 1 SD
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Figure 4.17. TSNA k' on MIP at pH 5.5 with acetonitrile
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The precursors to the TSNAs are nicotine, nornicotine, anatabine, and
anabasine. The precursor alkaloids retention on a MIP or NIP column bed was
performed at the manufacturer-recommended extraction condition at pH 5.5 (Figs. 4.18
and 4.19). The retention is weak for all the TSNA precursor alkaloids on both MIP and
NIP at pH 5.5, with k’ not exceeding 4.0 for any percentage of methanol.

Precursors k’ on MIP, pH 5.5
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Error bars = 2 SD
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Figure 4.18. TSNA Precursor alkaloids k' on MIP at pH 5.5 with methanol
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Precursors k' on NIP, pH 5.5
n=3
Error bars = 2 SD
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Figure 4.19. Precursor alkaloids k' on non-imprinted polymer at pH 5.5 with methanol
Increasing the environment to pH 10 shifted the MIP retention dramatically, with
all precursor alkaloids exhibiting stronger retention in the presence of methanol (Fig.
4.20). Nornicotine is the most weakly retained at pH 10, similarly to its nitroso product,
NNN. In general, the retention factors for all the precursor alkaloids are much lower than
their nitroso products at pH 10. The precursor alkaloids have weak retention on the NIP
at pH 10 (Fig. 4.21), but still greater than that exhibited at pH 5.5. This effect is likely
due to these analytes being mostly neutral at pH 10, while the MAA on the MIP is
charged. These data suggest that a future approach could be the NIP extraction of
tobacco extract at pH 10, where precursors would be washed off while retaining the
target TSNA analytes. Precursor alkaloids showed no retention on the MIP at pH 3.3
with methanol or pH 5.5 with acetonitrile (Figs. 4.22 and 4.23).
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Figure 4.20. TSNA Precursor alkaloids k' on MIP at pH 10 with methanol

TSNA precursors k' on NIP, pH 10
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Figure 4.21. TSNA Precursor alkaloids k' on non-imprinted polymer at pH 10 with
methanol
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Precursors k’ on MIP, pH 3.3
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Error bars = 1 SD
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Figure 4.22. TSNA Precursor alkaloids k' on MIP at pH 3.3 with methanol
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Precursors k’, pH 5.5 with ACN
n=3
Error bars = 1 SD
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Figure 4.23. TSNA Precursor alkaloids k' on MIP at pH 5.5 with acetonitrile
Oxidation products of nicotine are myosmine, cotinine, β-nicotyrine, and nicotineN-oxide. The nicotine oxidation products retention on a MIP or NIP column bed was
performed at the manufacturer-recommended extraction condition at pH 5.5 (Figs. 4.24
and 4.25). Each compound has a distinct pattern of retention that remains equivalent
between MIP and NIP at each methanol concentration. Nicotine-N-oxide has no
retention on either polymer under these pH conditions. Myosmine has stronger retention
than cotinine, particularly at the 20% methanol concentration. The longest retention of
all the compounds evaluated, including the target TSNAs, is β-nicotyrine, with a k’
average value of 18.6 even at 50% methanol conditions.
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Nicotine oxidation products k' on MIP, pH 5.5
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Figure 4.24. Nicotine oxidation products k' on MIP at pH 5.5 with methanol

89

Nicotine oxidation products k' on NIP, pH 5.5
n=3
Error bars = 2 SD
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Figure 4.25. Nicotine oxidation products k' on non-imprinted polymer at pH 5.5 with
methanol

At pH 10, both the MIP and NIP retention of myosmine increases at the lower
methanol concentrations, but all others remain the same (Figs. 4.26 and 4.27).
Myosmine and cotinine have much less retention in pH 3.3 conditions compared to pH
5.5 (Fig. 4.28). Strong retention remains for β-nicotyrine in acetonitrile at concentrations
less than 30% (Fig. 4.29).
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Nicotine oxidation products k’ on MIP, pH 10
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Error bars = 2 SD
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Figure 4.26. Nicotine oxidation products k' on MIP at pH 10 with methanol

Nicotine oxidation products
k' on NIP, pH 10

k'

n=3
Error bars = 2 SD

20.0
18.0
16.0
14.0
12.0
10.0
8.0
6.0
4.0
2.0
0.0

MYO
COT
B-NIC
NIC OX
20

40

60

% MeOH

Figure 4.27. Nicotine oxidation products k' on non-imprinted polymer at pH 10 with
methanol
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Nicotine oxidation products k’ on MIP, pH 3.3
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Figure 4.28. Nicotine oxidation products k' on MIP at pH 3.3 with methanol
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Figure 4.29. Nicotine oxidation products k' on MIP at pH 5.5 with acetonitrile
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These variations in retention may be partly explained by the protonation state of
these molecules. The ChemAxon molecular modeling software suite Marvin version
17.23.0, 2017 was used for the calculation of molecule pka and to generate protonation
state distribution graphs (see Appendix). The pka microspecies distribution graphs show
all four TSNAs are approximately 85% to 95% in the neutral state at pH 5.5. Myosmine
is more than 90% neutral in pH 5.5 environment. In contrast, nicotine is 99% in a
partially charged state at pH 5.5, with low retention. The effect of pH was pronounced
for the precursor alkaloids which are neutral at pH 10 and lose retention on the NIP
only. Similarly, beta-nicotyrine is neutral at pH 5.5, resulting in its strong hydrophobic
attraction to the polymer backbone.

4.D.3. Effect of ionic exchange interactions on retention factor (k’)
At the recommended extraction condition of pH 5.5, the methacrylic acid
functional group is 85% charged and could participate in an ionic interaction. The
retention factor was calculated for each probe compound (Table 4.5). The change in
retention in the presence of ions with varying charge distributions, and its correlation
with multiple ionic strengths, indicates ion exchange is a not a major contributing
interaction in the affinity of TSNAs for MIPs. It is a minor component in the retention of
NAT, with NAT displaced only by the strongest counter ion, Ca2+. Anatabine, as a
marker for a weakly bound alkaloid, had more ionic nature to its retention.
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Table 4.5. Effect of ionic strength on MIP affinity (n = 3)
Ca2+ (mM)

K2+ (mM)

Mg+(mM)

10

50

100

10

50

100

10

50

100

NNN Avg k'

>8

>8

>8

>8

>8

>8

>8

>8

>8

NNN Std dev

NA

NA

NA

NA

NA

NA

NA

NA

NA

NAT Avg k'

2.30

2.38

2.65

>8

>8

>8

>8

>8

>8

NAT Std dev

0.003

NA

NA

NA

NA

NA

NA

Anatabine Avg k'

2.06

6.56

3.65

3.32

>8

>8

>8

0.185

0.215

0.0290

NA

NA

NA

Anatabine Std dev

0.0130 0.0120
2.07

2.31

0.0260 0.0300 0.0270

Myosmine Avg k'

>8

>8

>8

>8

>8

>8

>8

>8

>8

Myosmine Std dev

NA

NA

NA

NA

NA

NA

NA

NA

NA

B-Nicotyrine Avg k'

>8

>8

>8

>8

>8

>8

>8

>8

>8

NA

NA

NA

NA

NA

NA

NA

NA

NA

B-Nicotyrine Std dev

4.D.4. TSNA binding in the presence of nicotine
The co-extraction of nicotine in the range of 5 to 30 mg/mL did not result in an
increase in the breakthrough of TSNAs during the load step (Figs. 4.30 and 4.31). NNN
exhibited low levels of breakthrough, less than 1% of the sum of all fractions, which is
consistent with levels seen in other experiments. NNK, NAT, and NAB had no
breakthrough during the load step. NNN, NNK, and NAT all had the elution step account
for more than 98% of the sum of all fractions. NAB was the only TSNA that showed a
change to its binding behavior in the presence of nicotine. The NAB post-elution fraction
increased as a function of nicotine loading. As the nicotine increased from 5 to 30
mg/mL loading, the NAB % in post-elution increased from 4.0 to 11.9%. This effect
could be due to be an increase in binding strength, or possibly the generation of NAB
during the course of the extraction. A study was not undertaken at this time because
NAB is very low in tobacco, approximately 100 ng/g. NAB will not be measured by the
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final HPLC method due of its low concentration and because is not on the FDA Harmful
and Potentially Harmful (HPHC) list.
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Figure 4.30. NNN and NNK binding in presence of nicotine
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Figure 4.31. NAT and NAB binding in the presence of nicotine

The proportion of nicotine measured in the load fraction increased as a function
of nicotine concentration (Fig. 4.32). This is consistent with other experiments, showing
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only partial binding of nicotine to the MIP under aqueous pH 5.5 conditions. The
purpose of this experiment was to evaluate the presence of nicotine in the various SPE
fractions, not quantification, so a calibration curve was not analyzed for nicotine.
However, an estimate of the capacity of MIP to retain nicotine may be derived from the
known concentration applied to the SPE cartridge. An average of 27.4% of the 30 mg
nicotine applied was recovered in the elution step, correlating to approximately 8.2 mg
of nicotine. This is not necessarily the limit of the MIP, as higher concentrations of
nicotine were not evaluated.
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Figure 4.32. Nicotine binding on TSNA MIP

Although they were not added to the buffer solution, many nicotine oxidation
products were present during the experiment. Nornicotine was mostly retained, with less
than 30% of the amount in the load and elute fractions combined (Fig 4.33). Anatabine
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was even more strongly retained, with 100% of the observed amount in the post-elution
fraction (Fig 4.33). Anabasine was not detected in any fraction.
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Figure 4.33. Alkaloid precursors binding in the presence of nicotine

Myosmine exhibited increasing breakthrough on the load fraction as the
nicotine concentration increased (Fig. 4.34). Cotinine was fully retained on the MIP and
100% of the amount observed was in the elution fraction (Fig. 4.34). Note that these two
oxidation products were present in the nicotine and are likely not at equivalent
concentrations. The data are indicative that both myosmine and cotinine are retained
and eluted under conditions that are amenable to the TSNAs.
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Figure 4.34. Myosmine and cotinine binding in the presence of nicotine

Nicotine-N-oxide exhibited an unexpected pattern, where less than 10% of the
amount present was observed in the load fraction (Fig. 4.35). More than 50% of the
nicotine-N-oxide was present in the elution steps, although previous experiments
conducted with nicotine-N-oxide standards showed that this compound has no retention
on the MIPs. The amount detected in the post-elution steps also increased with the
increase in nicotine concentration. This is likely due to the active oxidation of the
nicotine during extraction. Beta-nicotyrine was also detected in the load and elution
fractions of this experiment (Fig. 4.35).
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Figure 4.35. Nicotine oxide and beta-nicotyrine binding in the presence of nicotine

4.D.5. TSNA binding on MIP and NIP
Heptane solvent extraction
The binding experiment was conducted in heptane to enhance the selectivity of
the MIP interaction, as described in the literature. All four TSNAs exhibited the same
binding pattern toward the MIP and the NIP when applied in heptane. There was no
breakthrough on the load step. Approximately 100% was retained and subsequently
released on the elution step using dichloromethane to disrupt the affinity interaction.
Only trace levels (0.0 to 0.3%) remained in the post-elution step. The imprinted cavities
did not enhance retention of the TSNAs compared to the polymer, suggesting they are
not a significant contributor to the retention of the TSNAs.
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Nicotine was more strongly retained on the MIP than it was on the NIP (Fig.
4.36). There was no breakthrough on the loading step. The elution fraction only
displaced 58.7 % of the nicotine from the MIP, compared to complete elution from the
NIP. This indicates the imprinting enhanced selectivity of the polymer for nicotine, a
major interferent in tobacco extracts.

Figure 4.36. Nicotine binding MP vs NIP
The selected alkaloids which are precursors to TSNAs all exhibited an even
greater affinity for the MIP than nicotine. There was no breakthrough on the loading
step. For nornicotine, anabasine, and anatabine the elution fraction only displaced 22.8,
18.8, and 25.8% of the analyte from the MIP, compared to complete elution from the
NIP (Figs. 4.37 – 4.39). Nornicotine had more affinity for the NIP than did anabasine
and anatabine. The NIP retained additional nornicotine after the elution step (14.0 %),
while anabasine and anatabine eluted completely with the initial application of
dichloromethane.
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Figure 4.37. Nornicotine binding MIP vs NIP

Figure 4.38. Anabasine binding MIP vs NIP

102

Figure 4.39. Anatabine binding MIP vs NIP
Myosmine exhibited binding similar to that seen in TSNAs, where the MIP and
NIP are both fully retained in the load, and elute greater than 95% with dichloromethane
(Fig. 4.40). The imprint sites have no apparent effect on retention for the TSNAs and
myosmine. Cotinine was strongly bound to both MIP and NIP, with less than 50%
eluting with dichloromethane (Fig. 4.41). Nicotine-N-oxide had greater affinity for the
MIP than for the NIP (Fig. 4.42).
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Figure 4.40. Myosmine binding MIP vs NIP

Figure 4.41. Cotinine binding MIP vs NIP
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Figure 4.42. Nicotine-N-oxide MIP vs NIP
Supported-liquid extraction solvent mixtures

The solvent mixture study was limited to polar solvents miscible with heptane so
they may enhance back-extraction efficiency from the aqueous phase to the non-polar
heptane. The analytes NNN and NNK had poor recovery (less than 75%) from
heptane:ethyl acetate mixtures composed of 50% or greater heptane. In contrast,
dichloromethane appears to be an effective back-extraction solvent even when mixed
up to 70% heptane (Fig 4.43). The time required of an initial aqueous extract followed
by the 10 min back-extraction, concluding with evaporating 10 mL solvent proved to be
too lengthy to be practical for processing real samples. These results justify the
redirection of efforts toward a simple MIP SPE extraction.
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SLE Recovery by solvent mixture (n = 1)
[Heptane : Ethyl acetate : Dichloromethane]
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Figure 4.43 Solvent study for Supported Liquid Extraction

MIP extraction in acetonitrile
TSNA in a non-aqueous plain acetonitrile solution did not retain on the MIP at all,
with no peaks detected. Peaks of approximately 10 mAU are detectable on the
instrument used for this analysis. Acidification of acetonitrile did permit trace retention of
TSNA on MIPs (Table 4.7). NNN had the least retention on MIP, with only 0.6% area
eluted. NNK, NAT, and NAB were all between 1.8 to 3.4 % retained. Note that the
eluate for the load step was not collected and analyzed, and there was not a final
elution with methanol to confirm the disposition of the remainder of the analyte that was
applied to the cartridge. Because the MAA-based MIP polymer is not suited to extended
exposure to pH less than 2, further experiments in this vein were not pursued.
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Table 4.6. Acidified acetonitrile MIP extraction (n = 3)
Acidified ACN
Acidified ACN through MIP
Area count
Area count
Analyte
NNN
NNK
NAT
NAB

Avg
27679
43486
26336
9821

Std dev
1309
585
1013
122

Avg
168
1467
518
181

Std dev
29
196
10
19

%
Recovery
0.6
3.4
2.0
1.8

MIP aqueous wash
The column retention experiments in Section 4.D.2. suggested 20% methanol in
pH 5.5 would be an optimum solvent to retain TSNAs while eluting the interferents.
However, this solvent wash resulted in low recovery for all TSNAs (Fig 4.44). The
difference in column bed dimensions likely contributed to this outcome, as illustrated in
Figure 4.46. The affinity column contained 300 mg of polymer sorbent within a 4.6 x 50
mm stainless steel column. In contrast, SPE cartridge format contains 50 mg of polymer
sorbent in a bed of 10 x 3 mm dimensions. A longer distance to percolate through,
accompanied by a 6-fold greater mass of sorbent, results in more retention than is
achieved in the application of SPE. The improved recovery observed with reduced wash
volume is consistent with the TSNA being rather weakly retained on the MIP (Fig 4.45).
Another aspect is the condition of pressure. The chromatography experiments
were performed at 0.6 mL/min flow rate, resulting in a pressure of approximately 300
psi. The SPE extractions are done by gravity at ambient pressure. Molecules under
elevated pressure may be forced to interact more extensively with the imprinted sites,
either by penetrating deeper into the porous beads or filling imprinted cavities that may
have been bypassed under ambient pressure.
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Figure 4.44. Effect of aqueous wash modifiers

Figure 4.45. Effect of reduced wash volume
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Figure 4.46. Column bed dimension differences

4.D.6. Conclusions regarding retention mechanism
It was determined that the functional groups in TSNA-MIPs are MAA and the
polymer backbone is hydrophobic PMMA. There were unexpected structural issues
identified with MIP beads, such whether the bead is imprinted throughout or just the
shell. If it is only an encapsulation, then the specific capacity of binding would be
reduced. The effect of pH on MIP k’ confirms that hydrophobic interaction is dominant in
aqueous environment. It is necessary to consider that even though the retention for an
analyte such as myosmine is lower than the retention for TSNA, myosmine is present at
much higher concentration. A relatively small proportion of retained myosmine would be
sufficient to overwhelm the signal of attributed to the TSNAs. The effect of pH on NIP k’
reveals that the precursor alkaloids have much less affinity for the NIP at pH 10 than the
nitrosamines.
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4.E.

Quantitation of TSNAs with MIP extraction
The HPLC-UV analytical method is intended to quantify NNN and NNK, the

TSNAs which appear on the HPHC list. The HPLC-UV analysis is not appropriate for
analysis of NAB due to its low levels in tobacco (approximately 100 ng/g). In addition,
NAB is not on the HPHC list and will not be required for regulatory testing. Likewise,
NAT is not a targeted analyte and is not incorporated in this analytical method.
4.F.

Experimental

4.F.1. Instrumentation and reagents
Reference standards solutions for nicotine, N’-Nitrosonornicotine, 4(Methylnitrosamino)-1(3-pyridyl)-1-butanone, N’-Nitrosoanatabine, and N’Nitrosoanabasine were purchased from SPEX CertiPrep (Metuchen, NJ). Reference
standards in acetonitrile for nornicotine, anatabine, anabasine, cotinine, nicotine-Noxide, myosmine, and β-nicotyrine were purchased from Toronto Research Chemicals
(Toronto, Canada). Quinoline was purchased from Sigma-Aldrich (St. Louis, MO). The
2R4F reference cigarettes were obtained from the University of Kentucky.
Methanol, acetonitrile, heptane, and dichloromethane were all HPLC grade or
better, obtained from Fisher Scientific (Pittsburgh, PA). Ammonium acetate, acetic acid,
and ammonium hydroxide were also purchased from Fisher Scientific (Pittsburgh, PA).
Chromatographic separation conducted on an Agilent 1200 quaternary pump
HPLC with an XBridge C18 reversed phase analytical column of dimensions 2.1 x 50
mm, with 2.5 µm particle size. The aqueous mobile phase was 10 mM ammonium
acetate, adjusted to pH 10. The organic mobile phase was acetonitrile. The column
compartment was maintained at 45 °C, with an eluent flow rate was 0.3 mL/min.
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4.F.2. Chromatographic separation
The goal of this method is to be practical in a rudimentary lab that may be in a
warehouse environment. It has been developed to be robust on elementary HPLC
systems at a flow rate of 0.3 mL/min, resulting in a standby pressure of 1900 psi. One
aspect of using fundamental HPLC equipment is the extra-column volume that retards
delivery of mobile phase to the column. The measured dwell volume is 0.41 mL on the
system used for this work, which is approximately 3 times the volume of the actual
column. At 0.3 mL/min, each change in the gradient takes approximately 1.4 min to
reach the bed of the column. This necessitates long run times to permit equilibration.
Analysis times would be optimized on a low-volume system such as an Acquity UPLC.
The elution gradient starts at 5% acetonitrile, with a linear ramp to 20% acetonitrile by 9
min, then a linear ramp to 50% acetonitrile by 12 min, returning to 5% acetonitrile by 13
min, and remaining until the end of the run time at 22 min. A long equilibration time was
found to be necessary for consistent retention times, with this instrumentation.
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Figure 4.47. Chromatogram of TSNA calibration standard

Figure 4.48 UPLC-MS selected ion monitoring scan of NNK standard at m/z 208
The peak shape of NNK observed in Fig. 4.47 is due to resolution of its E/Z
isomers, as documented in previous literature separating NNAL by reversed phase
chromatography (Carmella, et al., 2005). This observation was also confirmed in the
laboratory through mass spectral data acquired by UPLC-MS (Fig. 4.48).
4.F.3. Sample preparation
One gram of tobacco is extracted with 30 mL 10 mM ammonium acetate, pH 5.5
by soaking for 30 min to absorb the solvent, allowing greater extraction efficiency. Then
the sample is shaken on A GenoGrinder for 30 min at 500 rpm. The sample is filtered
through a 0.45 µm syringe filter. A 1-mL aliquot of the extract is separately fortified with
60 µL of internal standard (quinoline at 1 µg/mL). The TSNA-MIP cartridge is
equilibrated with 1 mL methanol followed by 1 mL ammonium acetate pH 5.5. The
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TSNA extract is transferred to the MIP and allowed to elute by gravity. The MIP
cartridge is washed with 0.5 mL buffer then dried by negative pressure for 10 min,
followed by 1 mL heptane and a final drying time of 5 min. The TSNAs are eluted with 2
aliquots of 1 mL of dichloromethane allowed to elute by gravity, with fractions combined
for evaporation and reconstitution. The final eluate is evaporated under nitrogen at 40
°C. The residue is reconstituted in 300 µL of mobile phase buffer. The sample is
analyzed by injecting 100 µL on the HPLC system.
4.F.4. Calibration
Five calibration standards were prepared in 10 mM ammonium acetate buffer at
pH 10 with NNN, NNK, NAT, and NAB at 50, 100, 200, 500, and 1000 ng/mL. Quinoline
was 200 ng/mL as the internal standard in all calibration standards. The calibration
standards encompass the range of concentrations typical of tobacco. Coefficients of
determination exceeding 0.995 indicate a stable linear response (Table 4.8).
Table 4.7. Calibration curve parameters
Analyte

Calibration
Model

Weighting

Regression curve

NNN
NNK
NAT

Linear
Linear
Linear

1/x
1/x
1/x

y = 0.9362x – 5.349
y = 1.3762x – 10.998
y = 0.9158x – 5.589

Coefficient of
determination
(R2)
0.9982
0.9983
0.9982

4.F.5. Limit of quantification
The practical limit of quantification is the concentration of the lowest calibration
standard, provided it gives a signal-to-noise ratio greater than 10. The lowest calibration
standard for this method is 50 ng/mL, with a signal-to-noise ratio greater than 40 for all
analytes.
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4.F.6. Recovery
Reference material NIST1573a Tomato Leaves was obtained from the National
Institute of Standards and Technology (NIST) for use as a blank matrix because there is
no tobacco free from alkaloids available. Samples were fortified with NNN, NNK, NAT,
and NAB at 100, 500, and 800 ng/g. Fortification solution was applied to the dry matrix
before the initial extraction was performed. The FDA Food and Veterinary Medicine
Guidelines recommend a recovery range of 80 to 110% (Food and Drug Administration,
2015). By these standards, the TSNA recovery results are acceptable, with average
TSNA recoveries ranged from 82.4 to 95.0 % (Table 4.9).

(n = 3)
Avg Low
Std dev
Avg Med
Std dev
Avg High
Std dev

Table 4.8. Recovery from MIP extraction
% Recovery
NNN
NNK
NAT
88.8
92.7
95.0
7.7
10.3
6.6
84.4
88.3
91.7
2.2
6.7
2.5
82.4
85.0
88.3
3.8
4.6
6.0

NAB
90.0
6.0
88.7
4.2
84.3
3.5

4.F.7. Precision
Six replicates of 2R4F were extracted on one day to measure intra-day precision.
Six replicates of 2R4F were extracted on three separate days to measure inter-day
precision. The FDA Food and Veterinary Medicine Guidelines indicate repeatability of
up to 22% is acceptable for materials in the 100 ppb concentration range (Food and
Drug Administration, 2015). By these standards, the intraday precision was acceptable
for NNN, with each day ranging from 9.1 to 12.5 %RSD. NNK intraday precision was
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acceptable, ranging from 11.3 to 15.2 %RSD. NAT had unacceptable intraday precision
ranging from 17.4 to 33.7 %RSD. NAT had poor interday precision as well, at 24.7
%RSD. Interday precision was acceptable for NNN and NNK, at 10.0 and 12.8 %RSD,
respectively.
Table 4.9. Interday and intraday precision
2R4F
Day 1 Mean (n=6)
Day 1 S.D.
Day 1 %RSD

NNN (ng/g)
2706.0
265.3
9.8

NNK (ng/g)
1135.6
128.1
11.3

NAT (ng/g)
1547.8
521.2
33.7

Day 2 Mean (n=6)
Day 2 S.D.
Day 2 %RSD

2543.2
317.0
12.5

1217.4
165.7
13.6

2074.4
361.9
17.4

Day 3 Mean (n=6)
Day 3 S.D.
Day 3 %RSD

2435.4
220.7
9.1

1299.0
198.0
15.2

2233.4
450.5
20.2

Overall Mean (n=18)
Overall S.D.
Overall %RSD

2554.9
255.6
10.0

1228.3
157.3
12.8

2026.8
501.0
24.7
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5.

Summary of research and conclusions

As the FDA has initiated regulating tobacco, tobacco-specific nitrosamines
(TSNAs) have been targeted as harmful constituents with impact on public health.
Active research in the field of TSNA reduction has created a need to improve upon the
state-of-the-art for TSNA quantitative analysis. Studies for TSNA reduction require
examination of not only TSNAs, but also the precursors that created them.
The first chapter reviews the significance of TSNAs as the international public
health community has specified TSNAs as a subject for concern. The FDA already
requires monitoring and reporting of TSNAs, and has recently proposed a rule to place
a limit on the amount of NNN (N-nitrosonornicotine) in moist smokeless tobacco. A brief
history of the common methods to quantify TSNAs is discussed. Advantages and
liabilities of the selective gas chromatography-thermal energy analyzer and existing
liquid chromatography-tandem mass spectrometry are compared. Sample derivatization
is touched upon as a means to employ HPLC to quantify TSNAs. The growing field of
molecularly imprinted polymers (MIP) for analytical chemistry has provided unique
materials for the selective extraction of compounds from complex matrices. The
conventional measures of MIP quality include zonal chromatography to calculate MIP
retention with chromatographic parameters, batch-binding, and imprinting factors. The
phenomenon of cross-reactivity has been documented in the literature and can impact
assay accuracy.

116

The third chapter reviews the analytical challenges of measuring alkaloids along
with TSNAs. The preferred analytical methodology for TSNAs is liquid chromatographytandem mass spectrometry. This work was directed toward developing a more robust
LC-MS/MS for the combined analyses. A novel separation was achieved with ultraperformance liquid chromatography tandem mass spectrometry (UPLC-MS/MS).
Analytes were NNN, NNK, NAT, NAB, nornicotine, anatabine, anabasine, and nicotine
with stable-isotope labeled internal standards. Gradient proportions of 0.1% ammonium
hydroxide (aq) and 0.1% ammonium hydroxide in methanol were used to separate all
peaks within a 6.7 min analysis. Ranges of calibration cover a dynamic range possible
in experimental tobacco samples: 200 to 24,000 ng/g for TSNAs, 40 to 1200 µg/g for
minor alkaloids, and 1600 to 40,000 µg/g for nicotine. A post-column infusion study
confirmed the reduction of matrix effects compared to a published technique. Recovery
for TSNAs ranged from 107.2 to 109.8%, minor alkaloids were 92.0 to 105.6%, and
nicotine recovery was 81.6%. The analytical method was validated using international
reference materials for tobacco, 2R4F cigarette filler and CRP2 smokeless tobacco.
Intra-day and inter-day precision were acceptable for 2R4F (3.1 to 14.5%) for all
analytes, except NAB. Intra-day precision was acceptable for all analytes in CRP2 (1.9
to 12.8%) for all analytes. CRP2 intra-day precision ranged from 7.3 to 19.4%. Sample
extracts were determined to be stable for up to 48 hrs at sub-ambient conditions.
In the fourth chapter, a series of pH, ionic, and solvent experiments were
conducted to investigate cross-reactivity. Chromatography was employed to evaluate
the effect of pH and solvent composition on MIP binding of TSNAs, alkaloids, and
nicotine oxidation products. Experiments were replicated on non-imprinted polymer
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(NIP). Aqueous conditions of pH 3.3, 5.5, and 10 were combined with proportions of
methanol and acetonitrile ranging from 5 to 60%. Analytes in the neutral state, above
their pKa, exhibited enhanced retention. Ionic interactions were evaluated for a set of
probe molecules from the full analyte list. Anatabine showed a displacement effect by
K2+ and Ca2+ over the range of 10 to 100 mM. NAT was displaced solely by Ca2+.
Aqueous solutions of TSNAs with 5 to 30 mg/mL nicotine were extracted through MIP
cartridges and monitored for displacement of TSNAs. Binding of NNN, NNK, and NAT
was not diminished in the presence of up to 30 mg/mL of nicotine. Retention of TSNAs,
alkaloids, and oxidation products on MIP and NIP were evaluated in heptane to
enhance hydrogen bond interactions. Multiple dichloromethane fractions were collected
to confirm complete elution. TSNAs were fully retained on both the MIP and NIP,
indicating the imprinting did not enhance selectivity of hydrogen bond retention.
Myosmine also eluted 96.5% from MIP vs. 100% from NIP. In contrast, the precursor
alkaloids and nicotine oxidation products all had greater retention on MIP versus NIP,
with 41.2 to 81.2% remaining bound to MIP after an initial elution. These results
indicate hydrophobic interactions dominate TSNA affinity for MIP in aqueous conditions,
with pH manipulation being the most effective means of enhancing selectivity. TSNAMIP affinity was determined to be largely driven by hydrophobic and hydrogen bonding
mechanisms. There was extensive cross-reactivity with other tobacco alkaloids and
nicotine oxidation products observed not only with MIPs, but with the non-imprinted
control polymers (NIP). Ion exchange was determined to be a negligible component in
binding. An observation that the TSNA precursors have weak affinity for the NIP under
high pH, but TSNAs have high affinity. Future work could incorporate the NIP in the
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extraction process. This project also noted the fragmentation of the polymer beads as
obtained from the vendor, suggesting a limit to their appropriateness for use as a
chromatographic medium.
Some of the discoveries regarding MIP cross-reactivity were applied to the
establishing a quantitative analytical methodology for NNN and NNK in tobacco. The
HPLC-UV analytical method relies on MIP extraction of NNN and NNK. High pH was
used to resolve the TSNAs from abundant related compounds: nicotine-N-oxide,
cotinine, myosmine, β-nicotyrine, nornicotine, anatabine, anabasine, and nicotine.
Gradient proportions of 10 mM ammonium acetate (pH 10) and acetonitrile were
developed to separate all peaks within a 22-min analysis. The calibration range covers
tobacco levels from 450 to 9,000 ng/g for TSNAs. Recovery for TSNAs ranged from
82.4 to 92.7%. Intra-day and inter-day precision for NNN and NNK were acceptable for
2R4F (9.1 to 15.2%). This is the first instance of TSNA-MIP being employed to quantify
underivatized TSNA by HPLC-UV.
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Appendix. Protonation State Distribution Graphs
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